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ABSTRACT 

 
 This thesis focuses on the design and characterization of Silicon Drift Detector 

(SDD) based X-ray spectrometer for the upcoming lunar mission, Chandrayaan-2 

ensuring high energy resolution to meet the scientific objectives of Solar X-ray Monitor 

(XSM) and Alpha Particle X-ray Spectrometer (APXS). The main topic of interests are, 

the development of SDD based X-ray spectrometer using commercial equivalent of 

space qualified components, the use of SDD leakage current as a calibration tool for 

onboard SDD based X-ray spectrometers and the study of radiation damage effects to the 

SDDs onboard Chandrayaan-2 spectrometer instruments during the Earth to Moon transit 

and also in the lunar orbit for the mission life of 2 years. Chapter 1 gives brief objective 

of the research goal and Chapter 2 reviews various detectors and detector technologies 

used for X-ray spectrometry in the past several decades and at the end focussing on the 

semiconductor detectors, specially on silicon detectors. Chapter 3 discusses the working 

principle of SDD based on the sideward depletion concept and various SDD 

configurations available for the research and other applications. This chapter also gives 

the details of various SDD types and their use in the space missions. Chapter 4 gives the 

design details of the SDD based X-ray spectrometer and its performance results. Chapter 

5 discusses the use of a new and simple technique to measure the leakage current in SDD 

devices and its use as a calibration tool for onboard space/planetary missions to evaluate 

any performance degradation in the space environment. Chapter 6 describes the 

irradiation tests conducted on the SDD modules planned for Chandrayaan-2 experiments 

with gamma rays to study the space radiation effects by measuring the leakage current, 

energy resolution and the noise . The noise performance of the SDD and the electronics 

is also characterized in terms of equivalent noise charge. Chapter 7 gives the summary of 

the research work and future plans.    
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Chapter 1:  

INTRODUCTION 

 Ever since the start of space age, the information provided by the deep 

space/planetary missions have proved to be important in understanding various aspects 

of the space/planetary objects. Measurements from the space platform eliminate the 

interference caused by the Earth’s atmosphere and allowing the detailed observation of 

these objects that would be difficult to observe/measure through ground based 

observations. However, the deep space and planetary missions introduce new challenges 

such as placing the satellite in the desired orbit, its stability during the observation, 

required power generation and the data transmission to the ground station. The other 

challenges involve the spacecraft and the scientific instruments used for the observation 

should be capable of withstanding very hostile space environmental conditions. 

 Developing a space-borne instrument is a challenging task as the instrument has 

to survive very hostile space environment. Any instrument onboard spacecraft is 

expected to encounter harsh radiation environment, large temperature excursions and 

high vacuum conditions. The instrument should also withstand launch vehicle vibration 

levels. Care needs to be taken for the above aspects at various levels of the instrument 

design such as selecting components/devices with space qualification, desired radiation 

testing, design and packaging of the instrument. Instruments developed with Commercial 

Off-The-Shelf (COTS) components will not survive the hostile space environment and 

satellite launch loads. For these reasons “Space instruments are custom-designed one-of-
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a-kind and building such unique instrument depends on mission and the instrument 

configuration required for the scientific application”. 
 X-ray spectrometer is an instrument used for the measurement of planets and 

space objects in the X-ray region. In the planetary missions, X-ray spectrometers are 

generally used for the measurement of elemental composition either from an orbiting 

satellite or on a lander/rover platform. Instruments onboard orbiting satellite gives global 

measurements and onboard lander/rover gives in-situ measurements. X-ray 

spectrometers onboard lander/rover generally carries radioactive sources which are used 

to induce the X-ray fluorescence from the planetary surface and detecting these X-rays 

gives the elemental composition. Intensity of the X-ray line gives the quantity. 

Semiconductor based X-ray spectrometers are found to be superior due to improved 

signal to noise ratio. Silicon detectors are widely used in X-ray spectroscopy due to wide 

bandgap and the advancements in the processing technology. Recently, Silicon Drift 

Detector based X-ray spectrometers are preferred over Si PIN detectors due its low 

detector capacitance which enables to operate at high incident X-ray rates with superior 

energy resolution. 

 

1.1. BRIEF OF SDD BASED X-RAY SPECTROMETERS FLOWN IN THE 

SPACE MISSIONS: 

 In recent years, Silicon Drift Detector (SDD) based X-ray spectrometers are 

being flown and considered for onboard space/planetary missions due to its superior 

spectroscopic performance. Mars rovers such as Mars Exploration Rovers (MER) Spirit 

and Opportunity and recent Mars Science Laboratory (MSL) have carried SDD based X-

ray spectrometer for in-situ elemental composition measurements on Martian surface. 

The comet mission Rosetta has also carried SDD based X-ray spectrometer onboard 
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PHILAE lander for the comet 67P/Churyumov-Gerasimenko for in-situ measurements. 

Recent lunar mission from China, Change'3 also carried SDD for in-situ elemental 

composition measurements on the lunar surface. 

 There are planetary/space missions in the near future plan to use scientific 

instruments having SDD as a sensor. Chandrayaan-2, the second Indian mission to Moon 

is slated for launch in the year 2017 uses SDD detector in two X-ray spectrometer 

instruments. The space mission, Large Observatory for X-ray Timing (LOFT) is being 

developed by European Space Agency (ESA) with large number of large area SDDs with 

total effective area of ~ 10 m2 for astronomical observations. This mission is slated for 

launch in the year 2022. 

 

1.2. RESEARCH OBJECTIVES AND RESULTS: 

 In this research activity, we focused in developing Silicon Drift Detector (SDD) 

based X-ray spectrometer using commercial equivalent of space qualified components, 

essentially to use in the upcoming Chandrayaan-2 mission, the second Indian mission to 

Moon.  Chandrayaan-2 mission is configured with Orbiter, Lander and Rover to carry 

out various scientific experiments. The developed SDD based X-ray instrument is 

configured as Solar X-ray Monitor (XSM) and Alpha Particle X-ray Spectrometer 

(APXS) onboard Chandrayaan-2 Orbiter and Rover respectively. The Solar X-ray 

monitor onboard Chandrayaan-2 orbiter will provide high resolution real time solar X-

ray spectrum to the companion instrument named Chandra Large Area Soft x-ray 

Spectrometer (CLASS), which will measure the global elemental composition of the 

Moon from the lunar orbit. The Alpha Particle X-ray Spectrometer onboard 

Chandrayann-2 rover will measure the in-situ elemental composition from the high 

latitude region of the Moon. Developed SDD based X-ray spectrometer provides energy 
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resolution of ~ 150 eV at 5.9 keV for the detector operating temperature of ~ -40oC and 

the pulse peaking time of ~ 3.3 μs. The instrument is also characterized for various 

performance requirements such as energy resolution and its temperature dependence, 

energy resolution and peak energy position shift for various count rates etc. The test 

results show that the developed instrument provides the desired performance meeting the 

scientific requirements of both the instruments. 
Another important aspect of any onboard X-ray spectrometer is its calibration. 

Various techniques including carrying a radioactive source onboard have been used 

earlier. The second research goal is focused at measuring the leakage current from the 

SDDs using a simple and novel technique and proposed to use the measured leakage 

current as an onboard calibration tool for the space applications. This has been 

demonstrated through the measurement of leakage current for large sample of SDDs. It is 

experimentally shown that the energy resolution degrades from ~ 150 eV for the detector 

leakage current of ~ 1 pA to 200 eV at 10 pA and 400 eV at 100 pA. It is also shown that 

the energy resolution does not improve for the leakage currents < 1 pA. For the smaller 

leakage currents < 1 pA, the spectrometer system noise is dominant and hence the 

spectral energy resolution does not improve. 

In a space mission, onboard sensors and electronics are continuously exposed to 

highly ionizing particles which can degrade their performance and/or permanently 

damage them. Radiation damage effects of critical components must be performed 

because no replacement is possible once the instrument is in the space. The third research 

goal is aimed to study the space radiation effects on the SDD modules (SDD chip and the 

electronic components associated with the module for charge readout) planned for 

Chandrayaan-2 mission by simulation and experimentation. The radiation effects were 

studied by irradiating these SDD modules for various doses of gamma rays (60Co, 
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gamma ray source) and X-rays (55Fe, X-ray source). The gamma ray irradiation is to 

study the space radiation effects on the SDD modules during the transfer (Earth to 

Moon) and in-orbit (lunar orbit) operations. The X-ray irradiation is to study the X-ray 

fluence up to which the SDD provides stable energy resolution as the XSM instrument is 

exposed to very high intensities of solar X-rays in the lunar orbit. It is shown that the 

energy resolution of these modules does not degrade for the gamma ray dose up to 3 krad 

and for 10 krad, the energy resolution degraded from ~ 160 eV to ~ 210 eV at 5.9 keV 

for the detector operating temperature ~ -40oC. Extended irradiation result shows that 

these SDD modules can withstand the space radiation levels for the period of 20 years 

(100 krad) with desired energy resolution of ~ 250 eV. We have also carried out X-ray 

irradiation using 55Fe X-ray source to study the fluence level up to which the SDD 

detector provides the stable energy resolution as these detector modules are used for X-

ray photon detection. It is shown that the energy resolution does not degrade up to the 

fluence level of ~ 2 x 1013 photons which corresponds to ~ 64 krad. 

The signal from the detector includes several noise sources, such as current, 

voltage and thermal noise. Noise worsens the performance of the spectrometer by means 

of degrading its energy resolution. As most of the radiation detectors rely on the 

measurement charge carriers produced by the ionization events and hence the most 

commonly used parameter to characterize the noise performance is by means of 

Equivalent Noise Charge (ENC). The ENC is defined as the input charge that produces 

the output signal amplitude equal to rms value of noise. It is the minimum charge 

detectable by the system, making the signal to noise ratio is equal to 1. The noise 

performance of the spectrometer has been characterized by means of Equivalent Noise 

Charge (ENC) before and after radiation tests and quantified the degradation to 

electronic components associated with the SDD module after irradiation. Measuring the 
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change in the transconductance (gm) value of JFET in the quantification of ENC is not 

possible as JFET is part of the SDD module and hence we quantified the change in the 

value of C2
T/gm ratio (CT is the total input capacitance). It is shown that the ratio 

increases from ~ 1.34 x 10-21 to ~ 2.52 x 10-21 for the gamma ray dose of ~ 547 krad. 

 

1.3. PLAN OF THESIS CHAPTERS: 

 Chapter-1 describes briefly about the introduction to the space instruments and 

the challenges involved in their development for space use. Subsequently, the research 

goals and the short outcome of each activity are given. 

 Chapter-2 reviews the various detector technologies adapted over past several 

decades in the X-ray studies, their working principle and possible readout techniques. 

The suitability of these detectors for the desired energy range is described by comparing 

their performances and also giving their merits and demerits. The advancement in the 

silicon detector technology allows us to develop the X-ray spectrometer instruments with 

energy resolution close the Fano limit. The use of silicon detectors in various 

applications (both ground and space based) is also described. 

 Chapter-3 discusses the working principle of SDD from sideward depletion 

concept and the availability of various SDD configurations developed over few decades 

giving their merits and demerits. Improved readout techniques give the energy resolution 

close to Fano limit. There are several manufacturers of such SDDs which are described 

in chapter-3 ad their use in the space/planetary missions by various space agencies. 

 Chapter-4 describes the scientific objective and the performance requirement of 

SDD based X-ray spectrometers onboard Chandrayaan-2. This chapter also gives the 

concept and the design details subsystems of the SDD based X-ray spectrometer. The 

SDD based X-ray spectrometer has been developed using commercial equivalent of 
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space qualified components and shown to provide the energy resolution of ~ 150 eV at 

5.9 keV when the SDD is cooled to ~ -40oC for the pulse shaping time of ~ 3.3 µs. This 

meets the performance requirement of APXS instrument. The energy resolution of the 

developed spectrometer is also measured for various pulse shaping time constants to 

identify suitable pulse shaping time for the XSM experiment to accommodate count rates 

up to ~ 105 counts/s with reasonably good energy resolution. The count rate performance 

is tested using both X-ray source and X-ray gun. It is shown that the energy resolution 

and peak energy position is stable up to 70 k counts/s for the pulse shaping time ~ 0.8 µs 

with energy resolution of ~ 200 eV at 5.9 keV. The low energy threshold of 1 keV is 

achieved in both cases. 

 Chapter-5 describes the necessity of having onboard calibration for the X-ray 

instruments to have knowledge of any performance degradation due to very hostile space 

environment. In the space environment, the radiation damage to the SDD leads to 

increase in the detector leakage current and results in the degradation of energy 

resolution. We proposed to use SDD leakage current as a calibration tool to establish any 

performance degradation in the space environment. A new and simple technique of 

measuring the leakage current by counting the ramp signal frequency at the output 

charge sensitive pre-amplifier is presented. Leakage current and the energy resolution is 

measured for large sample of SDD modules for various detector operating temperatures 

and shown to have good correlation. The experimental technique, method and results are 

discussed in detail in chapter-5. 

 Chapter-6 describes the space radiation damage effect to the SDD modules 

planned for Chandrayaan-2 mission. The interaction of high energy particles in the space 

environment with the SDD will result in the displacement damage and hence the 

degradation in the energy resolution. The X-ray instruments onboard Chandrayaan-2 will 
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encounter severe radiation levels during the Earth to Moon transit and also during the 

operational period on/around the Moon. The radiation levels were estimated using a web-

based European Space Agency (ESA) software suit SPENVIS (Space Environment 

Information System) for the Chandrayaan-1 orbital profile, assuming that the 

Chandrayaan-2 mission also will follow the same orbital profile. The effect of space 

radiation environment on the SDD module has been studied using 60Co gamma ray 

source. In this case, displacement damage is due to the Compton electron interactions 

and the relative damage due to 1 MeV electron is about two order magnitudes less than 

10 MeV protons. Performance of the SDD module is also studied for various X-ray doses 

using 55Fe X-ray source as the XSM experiment onboard will encounter large intensities 

of Solar X-ray photons during flare conditions. The noise performance of the 

spectrometer has been evaluated before and after radiation tests. 

Chapter-7 gives the conclusions of the research activity and the future scope. We 

plan to extend the research activity in the following areas.  Proton irradiation tests on 

the SDD module could not be carried out due to lack of availability of proton irradiation 

facility which will through some more light on the device characterization. Thus, more 

experiments are necessary in order to investigate the detector and its complete behaviour 

in the space. The proton irradiation study will be extended to larger area SDD modules to 

study the radiation damage effects to the SDD chip and the internal FET in collaboration 

with the manufacturer for its use in the future space/planetary missions. This is in view 

of the future plan to develop large area SDD based X-ray spectrometer with large 

number of such devices. 

 Hybridization/ASIC development for the SDD readout electronics will be another 

step forward in developing large area SDD based X-ray spectrometers for the future 

planetary/astronomy missions. 
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In recent times, the research is focused at developing thicker silicon detectors 

with large active area aimed to use in the future space missions for imaging applications. 

The present X-ray CCDs imaging systems has two major disadvantages: depletion 

thickness is small (50 micron) resulting in reduction in detection efficiency and low 

count rate capability due to frame readout.  Alternate silicon technologies such as 

DEPFET and fully depleted pn-CCD also have the issue of faster readout. To overcome 

these issues, multi-linear SDD configurations were proposed. One such SDD with one 

dimensional position sensing is planned in the LOFT mission with segmented anodes for 

linear electron drift. We also propose to extend our future research towards the 

development of multi-linear SDDs with two dimensional readout with segmented anodes 

and cathodes in both the sides of the SDD for electron and hole signal readouts to 

accurately measure the position interaction. In this case, the readout will be faster and 

provide depletion thickness ranging from few hundreds of microns to 1 mm. This will be 

a major device level research work. We also propose to develop ASIC based readout for 

these devices. 
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Chapter 2:  

X-RAY SPECTROMETER AND REVIEW OF X-RAY 

DETECTORS 

  

 The aim of this chapter is to introduce the X-ray spectrometer and the review of 

suitability of various X-ray detectors for the modern X-ray spectroscopy applications 

such as measurement of X-ray fluorescence from planetary surfaces and the 

measurement of solar X-rays with high energy resolution.  

 

2.1. X-RAY SPECTROMETER: 

X-ray spectroscopy is one of the spectroscopic techniques used for the 

characterization of unknown materials by using X-ray excitation sources. In this process, 

the incident photon removes an electron from the inner shell of an atom and the 

rearrangement of electrons releases a photon whose energy is characteristic to the 

element. Analysis of the characteristic X-ray emission spectrum gives the qualitative 

elemental composition of the sample under test. Quantitative measurements can be 

obtained by comparing the X-ray spectrum with spectrum obtained from the standards 

samples. This can be obtained after the mathematical corrections for absorption, 

fluorescence and atomic number. X-ray spectrometer is an instrument, capable of 

detecting X-rays in the energy range of interest. X-rays are keV energy photons, 

classified loosely into three types based on their energies namely, soft X-rays with 

energy < 1 keV, medium X-rays and hard X-rays with energy > 20 keV.  In our 



11 
 

experimental measurements, we are interested in detecting medium energy X-rays with 

the energy range of 1 - 25 keV. The frequency of such electromagnetic radiation ranges 

between 1017 - 1019 Hz. 

 

2.2. X-RAY GENERATION: 

 X-ray photons are a form of electromagnetic radiation produced following the 

ejection of an inner orbital electron and subsequent transition of atomic orbital electrons 

from states of high to low energy. X-ray tubes were/are generally used to produce X-ray 

photons in most of the laboratory studies including scientific and medical applications. In 

the X-ray tube, a filament is heated to produce electrons which are then accelerated in 

vacuum by a high electric filed towards the target. When the high energy electron strikes 

the target atom, will result in  

1. Photon emission - Characteristic X-rays, more likely for high Z elements, Z > 32. 

2. Auger electron - Radiation less internal rearrangement, more likely for low Z 

elements, Z < 32. 

 The relative probabilities of X-ray emission and Auger electron emission with 

atomic number is shown in figure 2.1. The schematic representation of characteristic X-

ray emission and Auger electron emission is shown in figure 2.2. In the first process, X-

rays are emitted when an electron from the inner shell of the atom is knocked out by the 

incident photon with a kinetic energy E-φ, where E is the incident particle energy and φ 

is the binding energy of electron.  
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Fig. 2.1: The relative probabilities of X-ray emission and Auger electron emission with 
atomic number [1]. 

 

Fig. 2.2: Schematic representation of characteristic X-ray emission and Auger electron 
emission processes [1]. 
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 The electron from the higher energy orbit fills the vacancy and releasing a photon 

which has a wavelength that is characteristic to the target element. The auger process is a 

three electron process and leaves the atom doubly-ionized resulting emission of auger 

electron. The electron bean interaction on the target material also produces continuum of 

energies called bremsstrahlung which is due to the deceleration of the electrons inside 

the material. The spectrum having characteristic X-ray and the bremsstrahlung 

continuum obtained for tungsten target is shown in figure 2.3.  

 
Fig. 2.3: Characteristic X-ray and the bremsstrahlung continuum obtained for tungsten 
target for various tube voltages (taken from Lippincott Williams and Wilkins). 
 

2.3. X-RAY SPECTROMETER INSTRUMENTATION: 

 The block schematic of the X-ray spectrometer instrumentation is shown in figure 

2.4.  

 
Fig. 2.4: Generic block schematic of an X-ray spectrometer. 
 

 
Detector 

 

 
Charge to 

voltage 
convertor  

Analog 
Signal 

processing 

 
Digital 

conditioning  

 
Multi Channel 

Analyzer 
(MCA) 

Radiation 



14 
 

  X-ray spectrometer consists of a detector which converts the X-ray photon into 

an electrical signal due to photoelectric effect. A feeble charge signal at the detector 

electrode is converted into voltage by a Charge Sensitive Pre-Amplifier (CSPA). The 

output of the CSPA is of the order of few mV.  Further signal processing can be carried 

out either by traditional analog pulse processing technique or by using digital algorithms 

known as digital pulse processing. In case of analog pulse processing, the output of 

CSPA is further amplified using a shaping amplifier which is a combination of high and 

low pass filters. Shaping amplifier provides necessary amplification to cover the desired 

energy range with improved signal to noise ratio by reducing the signal bandwidth. The 

output of the shaping amplifier is given to peak & hold detector and then converted into 

digital bits using Analog to Digital Converter (ADC). The ADC output is then readout by 

personal computer (PC) based software for data storage and display. The ADC channel 

number is then converted into energy to identify the incident photon energy. The ADC 

channel number to energy conversion is carried out after proper gain calibration of the 

electronics with known source energies. In the analog pulse processing, the peak position 

changes with incident X-ray rate which is due to base line shift. This peak shift depends 

on the shaping time, energy shift increases rapidly with increase in the pulse shaping 

time. To minimize these effects in the resultant spectra at high count rates, new pulse 

processing technique is adapted in recent years known as digital pulse processing. In 

digital pulse processing, the output of the CSPA after high pass filter is digitized directly 

by using high speed sampling ADC and all other signal processing is carried out digitally 

using Field Programmable Gate Array (FPGA) based algorithms. 

  The performance of the spectrometer system is evaluated by its energy resolution 

i.e., how good the spectrometer can resolve the closely spaced electromagnetic 

radiations. The energy resolution is usually defined by Full-Width-at-Half-Maximum 
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(FWHM). Lower the FWHM, better the energy resolution of the spectrometer. The 

sample spectra acquired from the spectrometer showing the energy resolution in FWHM 

is shown in figure 2.5. Ideally, there should be a single line in the spectra for the 

monochromatic electromagnetic radiation detected by the spectrometer. But in real case, 

there will be spread in the spectrum which is due to various processes involved in the 

spectrometer system such as Fano statistics and the noise due to readout electronics. X-

ray spectrometer instruments are very common in all the recent space/planetary missions. 

 
Fig. 2.5: Sample spectrum showing the energy resolution in FWHM measured using 55Fe 
source. 
   

 These instruments are aimed to study the elemental composition of the planetary 

surfaces by measuring the X-ray fluorescence either from the orbit (remote sensing) or 

on the surface (in-situ) of the planet. Measurement of X-ray fluorescence from the orbit 

requires simultaneous measurement of solar X-ray spectrum, as the intensity of X-ray 

fluorescence vary with intensity of solar X-rays falling on the planet. For in-situ 

measurement, radioactive sources are generally carried along with the instrument to 

irradiate the sample surface and then measure the X-ray fluorescence. There are 

independent X-ray instruments for solar studies with high energy resolution which was 

FWHM: 150 eV 
@ 5.9 keV 
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not possible earlier. X-ray spectrometers with very high spatial and spectral energy 

resolution using latest detector technologies are also widely used in the space astronomy. 

 The review of various types of detectors suitable for the X-ray spectrometry, the 

interaction mechanisms, contribution of various detector parameters to the spectrometer 

performance and the use of these spectrometer systems in field of space research are 

discussed in the subsequent sections. 

 

2.4. REVIEW OF X-RAY DETECTORS: 

The aim of this section in chapter-2 is to introduce various types of detectors used 

in X-ray detection with emphasis on semiconductor detectors and, in particular, the 

silicon detectors. X-ray detector is a transducer which converts the X-ray photon energy 

into voltage pulses. The interaction of an X-ray photon within the active volume of the 

detector produces charge carriers (electron-hole pairs) through photo ionization process. 

The current pulse produced by these charge carriers is converted to a voltage pulse, by a 

charge to voltage conversion amplifier known as charge sensitive pre-amplifier. The 

voltage amplitude of the pulse is proportional to energy of the incident X-ray photon. 

The signal is then processed by a suitable low noise electronics chain to obtain the 

energy and other required parameters such as arrival time, angle of arrival, position of 

interaction etc. X-ray detectors are also used to detect other types of electromagnetic 

radiations such as electrons, protons and alphas etc., but the discussion in this chapter is 

limited to their use as photon detectors in the low energy X-ray region. 

The energy of the photon released in the detector material during the interaction 

is converted into an electrical signal by means of direct or indirect process [2], with a 

conversion factor which depends on the type of the detector used. Hence, the radiation 

detectors are broadly classified in to two types 
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1. Direct conversion type 

2. Indirect conversion type 

A direct conversion type detector is the one in which the incoming photon is 

directly converted in to electrical signal, whereas in indirect conversion type detector, the 

conversion takes place in two steps. The first step involves conversion of photon in to 

visible light and the second step involves the conversion of visible light in to electrical 

pulse. The schematic representation of production of charge carriers in direct and indirect 

conversion type detector is shown in figure 2.6.  

 
Fig. 2.6: Schematic representation of production of charge carriers in direct and indirect 
conversion type detectors [2]. 
 

The indirect conversion approach induces loss of information in the process 

particularly at very low radiation inputs. The gas-filled detectors and the semiconductor 

detectors are of direct conversion type where the incident photon energy is directly 

converted into certain amount of charge which is then collected at the output electrode of 

the device. In direct conversion type, there is no charge loss and hence provides good 

energy resolution. The energy required to create one electron-hole (e-h) pair in gas-filled 
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detectors varies from 25 – 35 eV and in case of semiconductor detector; it is of the order 

of few eVs (for silicon, 3.6 eV and for germanium, 2.9 eV). 

 Scintillation detectors are indirect conversion type, where in the incident 

radiation is converted into shower of optical photons (visible and near visible region). 

These photons are then collected and converted into electrical charge by using photo 

detectors. The photo detector could be photomultiplier tube (PMT) or silicon photo 

detector or very recent technology device known as silicon photomultipliers (SPM). Due 

to two step conversion mechanism in the indirect conversion process, there is loss of 

signal due to light coupling, resulting in poor energy resolution. The average energy 

required to create one e-h pair in scintillators is of the order of 25 eV. 

In early days, people employed different types of X-ray detectors like gas 

proportional counters, scintillators and liquid nitrogen/Peltier cooled semiconductor 

detectors. A brief description of each type of X-ray detector is given in the following 

subsections. 

 

2.4.1. The Proportional Counter: 

The concept of proportional counter was introduced in the late 1940’s. 

Proportional counter is gas filled device, used as X-ray detector with moderate energy 

resolution by operating at room temperature [3]. Proportional counters are generally 

made in cylindrical form and the internal volume is filled with gas as shown in figure 

2.7. The most commonly used gases are high purity argon, xenon, neon and krypton. The 

surface outside the cylinder acts as a cathode and a wire along the axis of the cylinder 

acts as an anode. The anode is positively biased with respect to cathode.  These detectors 

are generally made in large detection area with high count rate capability. The working 

principle of the proportional counter is that, the electrons produced by X-ray photon in 
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the gas which is mainly due to photoelectric effect are accelerated towards the anode by 

applying suitable voltage across the electrodes and thus producing ionization by their 

collision with the atoms of the gas. 

 
Fig. 2.7: Schematic representation of a cylindrical proportional counter [3]. 
 

The amplitude of the resulting signal is therefore proportional to the energy of the 

X-ray photon by means of electrons generated by the ionization and the multiplication 

factor (M) for these electrons due to collisions. These detectors require typically ~ 25–35 

eV/e-h pair. The value of multiplication factor could vary between 10 and 104 depending 

on the applied voltage. The diameter of proportional counter typically ranges from 2 to 5 

cm. The efficiency of these detectors in low and medium X-ray energies is small 

compared to other detectors discussed in the subsequent sections. For example, 5 cm 

thick proportional counter filled with Ar gives 50% transmission at 10 keV and for Xe 

gas, the same transmission could be achieved at 40 keV at room temperature. The energy 

resolution of these detectors is poorer than semiconductor detectors and better than 

scintillators detectors. The energy resolution of a gas proportional is in the order of 10 - 

15% at 5.9 keV. A sample spectra obtained from the proportional counter is shown in 

figure 2.8. 



20 
 

 
Fig. 2.8: X-ray fluorescence spectra measured with a gas filled proportional counter [3]. 
 

2.4.2. Scintillation Detectors: 

The scintillation detector is a type of luminescent material which produces 

scintillation light on photon interaction. The process of fluorescence is the prompt 

emission of visible light from the material following its excitation by some means. Small 

amounts of impurities are generally added to all scintillators to enhance the emission of 

visible light photons. The schematic representation of scintillator working principle is 

shown in figure 2.9. 

 
Fig. 2.9: Schematic representation of working principle of scintillation detector. 
 

Scintillation detectors are broadly classified into two types based on the 

scintillation mechanism [4], they are 

1. Organic scintillators 
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2. Inorganic scintillators 

In case of organic scintillators, the fluorescence process arises from the transition 

in the energy level structure of a single molecule and therefore can be observed from a 

given molecular species independent of its physical state. Some examples of the organic 

scintillators are plastic scintillators, pure organic crystals and liquid organic crystals. 

These scintillators are generally used for timing applications. 

In case of inorganic scintillators, the scintillation mechanism depends on the 

structure of the crystal lattice. In a pure inorganic crystal such as NaI, the electrons are 

only allowed to occupy selected energy bands. The absorption of incident photon energy 

in pure crystals can elevate the electrons from the valence band to the conduction band 

leaving gap in the valence band. The return of an electron with the emission of a photon 

is an inefficient process, only few photons are released by decay and the energy is 

released by some other mechanisms. Also, the bandgap in the pure crystals are such that 

the emitted photon energy is too high to lie in the visible range and therefore, some small 

amounts of impurities are added to the crystal in trace amounts. These impurities are 

called activators and they create special sites in the lattice which modifies the bandgap 

structure at that site. The energy structure of the overall crystal remains unchanged. 

Some of the inorganic scintillators are Sodium Iodide (NaI(Tl)), Cesium Iodide 

(CsI(Tl)), Bismuth Germonate (BGO) and Lanthanum Bromide (LaBr3 (Ce)) [4]. 

Inorganic scintillators are generally used for spectroscopy. 

Ideal scintillators material should have the following properties 

1. High scintillation efficiency 

2. Linear conversion –  light yield proportional to the deposited energy for wide 

energy range 

3. Transparent medium for good light collection 
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4. Short decay time for fast signal pulses 

5. Good optical quality with refractive index near to that of glass (~ 1.5). 

In comparison to the gas detectors, the scintillation detectors are based on higher 

Z material with high density. These detectors are often available in larger thickness. Due 

to these factors, the scintillation detectors have high probability of detecting photons in 

the wider energy range. However, the energy resolution of these detectors is poorer in 

the low energy X-ray region, which is of the order of ~ 20 - 30% at 5.9 keV. These 

detectors are widely used in the low resolution applications where the large area is 

required covering wide energy range from few tens of keV up to hundreds of keV or 

even few MeV. Scintillators can be operated in the room temperature conditions and 

even at higher temperature without much degradation in the spectral performance [4]. 

Schematic representation of a scintillator coupled with Photo Multiplier Tube (PMT) for 

charge readout is shown in figure 2.10. 

 
Fig. 2.10: Schematic representation scintillator coupled with PMT for charge readout [5].
  
  

 Even at higher energies, these detectors provide poor energy resolution compared 

to semiconductor radiation detector. The comparison of one such spectra obtained from 

NaI(Tl) scintillator and from high purity germanium is shown in figure 2.11. In case of 

Scintillator (NaI(Tl)), the FWHM is ~ 75 keV at 1173 keV, but in Germanium the 
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resolution is ~ 2.35 keV at 1173 keV. This shows that any gamma ray line which is 

within 75 keV from 1173 keV line will not be resolved using NaI(Tl).  

 
Fig. 2.11: A typical spectral performance comparison between NaI(Tl) scintillator and 
high purity germanium detector [6]. 
 

The latest technology scintillation detector, Cerium doped Lanthanum Bromide 

(LaBr3 (Ce)) [7, 8] has shown to provide reasonability good energy resolution 

comparable to that of semiconductor detectors by operating in room temperature 

conditions as shown in figure 2.12.  

 
Fig. 2.12: Spectral performance comparison of Lanthanum bromide with sodium iodide 
and high purity germanium detector [9]. 
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 However there are drawbacks to lanthanum Bromide detectors, which include 

internal radioactivity that contributes to spectral counts and a low-energy response that 

can cause detector resolution to be lower than that of NaI(Tl) below 100 keV.  However 

resolving very closely spaced lines could be possible only with semiconductor detectors. 

Table-2.1 gives characteristics of scintillation detectors generally used in the scientific 

measurements. 

 

Table-2.1: Comparison of various scintillation detectors and its properties. 
Crystal Density 

(g /cm3) 

Light yield 

(photon/keV) 

Decay time 

(ns) 

Emission 

wavelength 

(nm) 

FWHM 

(%) at 662 

keV 

CsI (Tl) 4.51 66 800 550 6.6 

NaI (Tl) 3.67 41 230 410 5.6 

LaBr3 (Ce) 5.3 61 35 358 2.9 

BGO 7.1 8.6 300 480 9.0 

 

2.4.3. Scintillator Readout Systems: 

 Scintillation detectors provide output in the form of light, which needs to be 

converted into electrical form to indentify the incident photon energy. The following 

devices are generally used to convert the visible photons into electrical signal. 

1. Photomultiplier tubes (PMT) 

2. Photo diodes 

3. Silicon photomultipliers (SPM) 

  

2.4.3.1. Photomultiplier Tubes: 

Photo multiplier tubes (PMTs) are still the workhorse and generally used to 

convert the low level light output into electrical signal by coupling the PMTs with 
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scintillation detectors. PMTs are generally coupled with scintillators using optical 

compound for better light coupling. The optical light from the scintillators is made to fall 

on the photocathode of the PMT which converts the light in to electron cloud. These 

electron clouds are further multiplied by means of acceleration using dynodes which are 

applied with successively higher potential. The multiplication stages of the PMTs give 

the gain of the order of ~ 106. The charge output is read out in the final anode with 

suitable high voltage coupling capacitor to decouple the high voltage reaching the 

readout electronics. PMTs are generally bulky and require high voltage ranging from 

hundreds of volts to few kilo volts (KVs) for its electrodes (photocathode and dynodes). 

PMTs can be operated either in counting mode or current mode due to larger signal 

output. The use of photomultiplier still continues and the size and shape [10] of these 

tubes are made small due to advancement in the PMT technologies. The quantum 

efficiency of the PMT varies from ~ 10-50%. PMTs are sensitive to the magnetic field 

and hence require proper shielding for its operation. Figure 2.10 gives the schematic 

representation of the photomultiplier tube. 

 

2.4.3.2. Photodiodes: 

A photodiode is a PN junction diode, produces charge carriers when the incident 

photon with sufficient energy strikes the junction. On the application of the suitable 

electric field, charge carriers are collected at the electrodes which produces electrical 

signal. Photodiodes are mainly operated in two different modes namely, photovoltaic 

mode and photoconductive mode. In photovoltaic mode, zero bias is applied across the 

diode and the flow of photocurrent is restricted leads to voltage build up. It is used in a 

system with low noise and where precision is more important than speed. It is similar to 

solar cells except that the solar cells have large area. 
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Photoconductive mode: 

Photoconductive mode of the photodiode is used for light detection. In this mode, 

the PN junction is reverse biased, which increases the depletion width and reduces the 

junction capacitance and used in a system where speed is more important than precision. 

When the light falls on the photodiode, e-h pairs are generated similar to that of ionizing 

radiation. Photons corresponding to typical scintillation light carries about 3-4 eV of 

energy, which is sufficient to create e-h pairs in the semiconductor with bandgap energy 

of 1-2 eV. The quantum efficiency of the conventional photodiodes offer as high as 80% 

which is several times higher than PMTs and hence provides better energy resolution by 

operating at very low bias voltages. However, photodiode does not provide charge 

amplification/multiplication as in PMTs and hence the output signal is orders of 

magnitude smaller than PMT signal. Photodiodes offer compact size and ruggedness 

compared to PMTs and the performance does not change with the magnetic field.  

 

Avalanche mode: 

Avalanche photodiode is a highly sensitive, has similar structure to photodiodes 

and operated relatively at very high reverse bias voltage. It makes use of internal 

amplification to achieve the gain due to impact ionization. The charge carriers are 

accelerated sufficiently between the collations to create the additional charge of e-h pairs 

along the collection path. This process is similar to one descried in proportional counters 

and thereby provides internal charge amplification. The internal multiplication helps to 

distinguish the signal from the noise level and hence improves the energy resolution in 

pulse mode. This property allows operating avalanche photodiode at lower energies 
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compared to that of photoconductive mode of photodiodes. In this case, the gain 

multiplication factor is very sensitive to temperature and applied bias high voltage and 

thereby requiring regulated bias voltage and stable operating temperature. Avalanche 

photodiodes also provides the quantum efficiency as high as 80%.  

 

2.4.3.3. Silicon Photomultipliers (SPM): 

 The silicon photomultiplier is a multipixel semiconductor photodiode, where the 

pixels are connected in parallel on common silicon substrate. Each pixel operates in 

Geiger mode with bias voltage of ~ 20% more than the breakdown voltage. When a 

sufficiently high electric filed is generated within the depletion region of the silicon, the 

charge carriers generated in this region will be accelerated to point where it carries 

sufficient kinetic energy to create secondary charge carriers through impact ionization 

[11]. In this way, a single photoelectron can trigger self induced ionization cascade. The 

silicon will breakdown and become conductive, effectively amplifying the signal. This 

process is called Geiger discharge [12]. 

 Each SPM pixel is operated in Geiger mode to achieve high gain. The PN 

junctions in SPM are designed to withstand the reverse bias beyond its breakdown 

voltage, creating the necessary high field gradients across the junction. The current 

flowing through the junction is stopped or quenched using series quenching resistors 

which limit the current drawn during the breakdown and lowers the reverse voltage 

below the breakdown voltage. The gain of the each pixel is determined by the charge 

accumulated in the pixel capacity, which is ~ 106. The pixel size varies from 15 to 70 µm 

and the total number of pixels varies from 100-10000 pixels/device [13]. As all the pixels 

in the SPM works on a common load and each pixel works as a binary device resulting 
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as a analog detector giving measurement of light intensity. The schematic representation 

of SPM is shown in figure 2.13.  

 
Fig. 2.13: Schematic representation of SPM pixel arrays with quenching resistor and 
summed output (Courtesy SensL). 
 

 Therefore, SPM is capable of detecting low light signal with capabilities of PMT 

while offering all the benefits of a solid state device. SPM is very hot topic of research in 

recent years and its usage has gained rapidly in the fields of medical imaging, homeland 

security and high energy physics. These devices are also planned in the future space 

missions. SPM is a low cost, robust by the ability to be exposed in room light level 

without its damage and small physical size. However there are disadvantages which 

includes large dark noise (10 s of kHz to 1 MHz single photoelectron equivalent), large 

temperature dependence of breakdown voltage, large cross talk and after pulsing due to 

charge trapping in silicon substrate. The noise may not be an issue in very high light-

level applications or may possibly be mitigated in detector and/or electronics readout 

design. Thus, there are growing numbers of companies producing these devices and 
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improvements are being carried out in their design to reduce the crosstalk, noise and also 

in tuning the optical response of these devices. Table-2.2 gives the comparison of 

photomultiplier tubes with solid state photo detectors such as photo diode and silicon 

photomultipliers.  

 

Table-2.2: Comparison various characteristics of scintillator readout devices such as 
PMT, Photo diode and SPM. 

  

PMT 

Photo diode  

SPM Photoconductive 

mode 

Avalanche 

mode 

Quantum efficiency ~ 25% ~ 80% ~ 80% ~ 20% 

Spectral range Blue/UV Red Red Green 

Internal gain 106 1 100 - 1000 106 

Response time (ns) Fast Medium Slow Fast 

Multiplication noise Yes No Yes Yes 

Sensitive to 

magnetic field 

Yes No No No 

Complexity  High (use of 

HV) 

Low Medium, 

low noise 

electronics 

Relatively 

low 

Bias requirement High (1-2 KV) Low 100 - 200V ~ 25 V 

Temperature 

sensitivity  

Low Low High Low 

 

 Each component and combination (scintillator and detector) has its own 

advantages and disadvantages. One has to use application specific (HEP, Photon 

Science, Medical Imaging, Industrial Imaging) for his work. 
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2.4.4. Semiconductor Detectors: 

 The operation of the semiconductor detector is based on the collection of charge 

carriers induced in the intrinsic region of the detector due to photon interaction by 

applying suitable bias voltage. The choice of the semiconductor material as a radiation 

detector depends on the energy range of interest [4, 14]. Semiconductors as detector 

material came into use in 1960’s. Semiconductors were mainly acknowledged for having 

much higher density than the gas-filled detectors and intrinsic resolution better than the 

scintillation detectors. Better intrinsic resolution is due to small Fano factor and very 

efficient conversion of the incident energy into electrical signal. The ionization energy 

required for silicon is ~ 3.6 eV and for germanium is ~ 2.9 eV, which is one order 

magnitude smaller than that of gas-filled and scintillators detectors. Variety of 

semiconductor materials like Si, Ge, HgI2 [15], CdTe [16], CdZnTe [17] and GaAs [18] 

were considered for nuclear spectroscopy applications and among these detector 

materials, silicon and germanium are widely used in practice. The compound 

semiconductor detectors CdTe, CdZnTe are also increasingly used in spectrometry 

applications in the high energy X-ray region. However, the other semiconductor 

detectors, scintillators and proportional counters are still being used for various 

applications based on the experimental requirement and constraints associated with the 

application.  

 Semiconductor materials without any impurity are called intrinsic 

semiconductors. When the dopants are added to the intrinsic semiconductor, the 

conduction property of the material changes. Adding pentavalent impurities such as 

Phosphorous or Arsenic with intrinsic semiconductor will increase the conductivity of 

the material and these dopants are called donors forming n-type semiconductors. When 
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the trivalent impurities such as Boron is added with intrinsic semiconductor resulting in 

p-type semiconductor, also called acceptors. 

  

2.4.5. Silicon Detectors: 

The real use of silicon as photo detector was made possible by the introduction of 

planar technology which led to the fabrication of silicon detectors by Kemmer in 1980 

[19] and Pantazis 1984 [20]. Planar technology consists of series of processing steps on a 

crystalline silicon wafer and very recently, implants near the top and bottom sides. The 

planar diode fabrication follows formation of SiO2 layer on the Si bulk, selective removal 

of SiO2, introduction of dopant atoms into wafer surface and dopant diffusion into 

silicon. Combination of these steps can produce any type of complex device on the 

silicon bulk. The schematic of making planar technology detector is shown in figure 

2.14. Silicon planar technology is commonly used in the fabrication of microelectronic 

circuits [21, 22]. Subsequently, there is lot of development in the last few decades in the 

silicon detector technologies yielding new detector configurations such as Si PIN, Si 

Strip and pixilated detectors, charge coupled device (CCD) and Silicon Drift Detector 

(SDD). These silicon detector configurations are used in vast number of applications and 

fields. Each of these technologies is briefly described in the following subsections. 
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Fig. 2.14: Schematic representation of making of silicon planar technology, a) Oxidation 
of silicon, b) Selective removal of oxide layer, c) Introduction of dopant atoms and d) 
Diffusion of dopant atoms into silicon [21]. 
 

2.4.6. Detection of X-rays Using Silicon:  

 Detection of X-ray depends on its interaction with silicon and its detection 

efficiency. The details of which are discussed below. 

 

2.4.6.1. Interaction of X-ray Photons: 

 A photon with energy E is absorbed in a silicon bulk with a probability 

proportional to the thickness of the silicon. This leads to the exponential transmission 

given in equation (2.1) 
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xEeIxI )(
0)(         (2.1) 

 I(x) - Radiation intensity after passing through the detector 

 Io - Radiation intensity before passing through the detector 

 x - Thickness of the detector 

 µ - Attenuation coefficient 

 

 The attenuation coefficient (µ) depends on the photon energy and on the absorber 

material. There are three major mechanisms involved in the interaction of radiation with 

silicon namely 

a. Photoelectric absorption 

b. Compton scattering and  

c. Pair production 

  

 Each of these processes is characterized with individual attenuation coefficients 

and sum of these gives total attenuation coefficient. The incident photon transfers all its 

energy to an atomic electron in photoelectric absorption. In case of Compton scattering, 

the photon transfers only a fraction of its energy to an outer electron and produces a hot 

electron and a degraded photon.  However, in case of pair production, photon with 

energy above 1.02 MeV interacts within the Coulomb field of the nucleus and produces 

an electron and positron pair. The photoelectric effect only results in the total absorption 

of the incident energy and gives information about the photon energy for the accurate 

energy measurements. The interaction cross section is highly dependent on the atomic 

number (Z) and it varies as Z4,5 for photoelectric absorption, Z for Compton scattering 

and Z2 for pair production. A suitable detector for spectroscopic application must favour 
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the photoelectric interactions and the semiconductor detectors with a high atomic number 

are preferred. 

 The photoelectric absorption is dominant for photon energies up to 100 keV. The 

Compton scattering dominates for the photon energies > 100 keV and increases linearly 

with atomic number (Z). The pair production becomes realistic for the photon energies > 

1.022 MeV. It is necessary to restrict the photon interaction to the photoelectric 

absorption if any X-ray event has to be detected efficiently. The attenuation coefficient 

of the silicon detector for various interaction mechanisms is shown in figure 2.15. 

 
 Fig. 2.15: Linear attenuation coefficient for silicon as a function of photon energy up to 
10 MeV [23]. 
 

 The photoelectric absorption is the ejection of photo electron from one of the 

atom's bound shell when photon interacts with the silicon. The energy of the photo 

electron is equal to the initial energy of the photon reduced by the binding energy of the 

photo electron. The vacancy created by the photo electron is quickly filled by electron 

from the higher orbit and along with this process, the Auger electron or the characteristic 

X-rays are emitted. These Auger electrons or characteristic X-rays are reabsorbed close 

to the interaction point. Subsequently, the photo electron causes cascade like process 
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producing large photo electrons. Equal number of holes are also produced along with the 

photo electrons. The number of charge carriers NQ produced is given in equation (2.2). 

i
Q

EN


          (2.2) 

 E - Incident photon energy 

 εi - Energy required to create one e-h pair 

 

 The energy required to create one e-h pair in silicon detector is ~ 3.6 eV and is ~ 

2.9 eV in case of germanium and the corresponding band gap energies are 1.12 eV and 

0.72 eV respectively. The mean ionization energy exceeds the band gap due to 

conservation of momentum which requires excitation of lattice vibrations (phonons). The 

band gap energy is temperature dependent and hence the energy required to create e-h 

pair is also temperature dependent. The energy required to create one e-h pair increases 

with decrease in the detector operating temperature, which is given by varshni equation 

(2.3) [24] 
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 Eg(T) = Band gap energy at temperature T 

 Eg (0) = 1.17 eV, the band gap at temperature 0 K  

 α = 4.73 x 10-4 eV/K 

 β = 636 K for silicon detectors 

 

 The change in the bandgap energy with the detector operating temperature is 

plotted and it varies ~ 0.025 eV in the temperature range of -50oC to +50oC as shown in 

figure 2.16. 
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Fig. 2.16: Variation in the bandgap energy of silicon with operating temperature. 
 

 The numbers of e-h pairs produced in the silicon detector are not same even for 

the fixed incident X-rays energies. The fluctuation of charge carrier pair vs. phonon 

creation is described by Fano factor [25]. The variance σQ of number of charge carrier 

pairs NQ created is given in equation (2.4)  
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 E0 - Absorbed energy 

 Ex & Ei - Average phonon and ion pair excitation energies 

 εi - Average energy required to produce one charge pair 

 

 The value of Ex is 0.037 eV, Ei = Eg = 1.12 eV and εi is 3.6 eV for silicon 

detector [4]. The Fano factor for silicon can be estimated using equation (2.5), which is 

given below 
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 The value of Fano factor (F) for silicon is 0.11 and the variance in the charge 

carriers can be written as in the equation (2.6) 

QQ FN         (2.6) 

 Fano factor defines the intrinsic energy resolution of the silicon detector which is 

the theoretical limit. Engineers around the word thrive to achieve the energy resolution 

close to the theoretical limit. 

 

2.4.6.2. Detection Efficiency: 

 The detection efficiency is a ratio of number of photons absorbed in the detector 

active volume to the total number of incident photons. The absorption coefficient of the 

detector material varies with detector thickness and the photon energy, limiting the actual 

number of photon detection. An ideal detector for certain energy range should be able to 

detect all the photons (absorption efficiency =100%). Generally the high purity silicon 

wafers have longer recombination life time of charge carriers is of the order of µs and it 

is reasonable to expect 100% charge collection. Hence the absorption efficiency is not 

limited by the charge collection efficiency even though this will affect the detection of 

photons at high count rates. Therefore, the upper energy limit for the given detector 

material is determined by the absorption efficiency which depends on the thickness of 

the detector material. The probability an X-ray photon absorbed in the detector varies 

with detector thickness is given by (2.7) 

de   1         (2.7) 

 The change in the absorption efficiency is plotted for various silicon detector 

thicknesses for the photon energies up to 100 keV. It can be seen that the absorption 
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efficiency is ~ 100 % for 500 µm thick detector for photon energies less than 20 keV. 

For 5 mm thick detector, it is little more than 30 keV as shown in figure 2.17.  

 
Fig. 2.17: Absorption efficiency for various thicknesses of silicon detector [26]. 
 

 Fabrication of thicker silicon diodes are possible only with Lithium drifted silicon 

detectors Si (Li). In planar technology, the detector thickness is limited to ~ 500 µm in 

most of the cases and in recent years, the Si detectors are available up to 5 mm thick due 

to advancement in detector technologies [26]. The low energy (soft X-rays) absorption 

efficiency in silicon detector is limited due to the presence of thin dead layers which are 

formed during the detector fabrication process such as SiO2 insulating layers and contact 

layers etc. The absorption efficiency of the 10 nm and 50 nm thick SiO2 layer with 

photon energy is shown in figure 2.18. Silicon detectors are generally encapsulated to 

prevent the condensation, where the detectors required to be cooled to lower 

temperatures. These encapsulation layers also lower the low energy absorption efficiency 

of the detector. Hence the low energy cut-off of the silicon based X-ray spectrometer is 

determined by the dead layers associated with the detector fabrication and the 

encapsulation layer material and its thickness, if the noise level of the readout electronics 

is superior. 
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Fig. 2.18: Change in the absorption efficiency due to silicon insulation (SiO2) and metal 
layers at low X-ray energies [28]. 
  

 Recently, there are research articles reporting the detection of soft X-rays (up to ~ 

keV) using state-of-the-art silicon detectors. It is shown that the X-ray energies down to 

50 eV can be measured as reported in refs. [27-30]. 

 

2.4.6.3. Signal Formation and Charge Collection: 

 Semiconductor detectors are direct conversion type ionization chambers, 

produces e-h pairs when photon strikes. The number e-h pairs created in the intrinsic 

region depends on the energy of the photon and the energy required to create one e-h pair 

as given in equation (2.2). Thus generated charge carriers are subject to recombination, if 

these charge carriers are not collected. The charge carriers move towards the electrode by 

the influence of the electric filed in the detector volume and forms electrical signal. The 

time required to traverse through the sensitive volume of the detector is called charge 

collection time. The rise time of the signal charge depends on the detector capacitance 

Cdet and the input resistance of the readout amplifier Ri and the time constant τ = Ri (Cdet 
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+ Ci). The operating mode of the readout system depends on the charge collection time 

of signal charge which is discussed in detail in chapter 4. The representation of signal 

formation and charge collection is shown in figure 2.19. The charge collection efficiency 

(CCE) is defined as the total induced charge divided by the charge created Q/Qo. For 

planar detector, the CCE is a function of depth for uniform internal electric field; it is 

given by Hecht equation (2.8). 
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 Where λe is the drift length/trapping length for electron and λh is for holes, which 

is given by (2.9) 

 Eeee           (2.9) 

 µe and µh - Mobility of electrons and holes 

 τe and τh - Life time/trapping time of electrons and holes 

 E - Electric filed 

 x - Depth of interaction 

 L - Detector thickness  

 
Fig. 2.19: Schematic representation of signal formation and charge collection [31]. 
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 The CCE depends not only on drift length, but also on the incoming photon 

interaction position. The random distribution of the interaction position increases the 

fluctuations on the induced charge and contributes to the peak energy broadening. 

Smaller the λ/L ratio reduces the CCE and increases the dependence on the interaction 

point. The transport properties of the semiconductor detector is characterized by  charge 

carrier mobility and life time product (µeτe and µhτh) which is the key parameter for the 

development of radiation detector. The product of mobility and life time is called "figure 

of merit" of the semiconductor material. Poor figure of merit limits the thickness and 

range of the semiconductor material.  

 The charge collection efficiency is an important measure of a radiation detector 

that affects the spectroscopic performance and in particular the energy resolution. High 

charge collection efficiency improves the energy resolution, which also depends on the 

statistics of charge generation and the readout electronics noise. 

 

2.4.6.4. Energy Resolution: 

The performance of any spectrometer system is evaluated by its energy 

resolution. Energy resolution is the measure of how good the spectrometer can resolve 

the closely spaced electromagnetic radiations. The energy resolution is commonly 

expressed as Full-Width-at-Half-Maximum (FWHM) of the measured distribution. 

Ideally, there should be single line in the spectra for the monochromatic X-rays falling 

on to the detector. In real spectrometer system, the spread in the measured energy is due 

to intrinsic fluctuation in the charge carrier generation within the detector and also the 

noise associated with the charge readout & signal processing system. The representation 

of FWHM is shown in figure 2.20.  
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Fig. 2.20: Statistical broadening of the photon energy peak centered at Eo and Full-
Width-at-Half-Maximum (FWHM) of the detected peak is commonly used indication of 
the energy resolution of spectrometer system [4]. 

 

Alternately, the energy resolution can also be expressed in percentage which is 

the ratio of FWHM value measured to the centroid value of the distribution, as given in 

equation (2.10). 
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 Often, the measured distribution can be described by means of Gaussian function, 

which is expressed by (2.11) 
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 σ - Standard deviation 

 N0 - Area under peak 

 E0 - Energy peak center 

 

 The measured energy resolution is the quadrature sum of FWHM due to Fano 

statistics and the FWHM due to electronic noise, which is given by the equation (2.12) 
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)()()( 22 FFWHMEleFWHMMFWHM    (2.12) 

where  FWHM (M) - Measured energy resolution 

 FWHM (Ele) - Contribution of readout electronics noise to the energy resolution 

 FWHM (F) - Fano statistic contribution to the energy resolution 

 

  The Fano noise sets the lowest limit of spectrometer energy resolution, which is 

given FEFFWHM i355.2)(  , where εi is the e-h pair production energy (3.6 eV for 

silicon at room temperature), F is the Fano factor (0.11 for silicon) and E is the energy of 

the absorbed photon. This gives the theoretical limit of ~ 120 eV for the detector based 

on silicon for the incident energy of 5.9 keV. The Fano factor contribution to the energy 

resolution of the spectrometer system with incident energy is shown in figure 2.21. 

 
Fig. 2.21: Contribution of Fano factor in the spectrometer energy resolution of Si 
detector with incident photon energy.  
 

 The contribution of readout electronics to the energy resolution is given in 

equation ENCEleFWHM i  355.2)( , where ENC is the Equivalent Noise Charge. 

This noise is independent of incident photon energy, but depends on the detector and 

signal processing electronics. By substituting the values of measured energy resolution 
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and the Fano contribution in equation (2.12), one can estimate the equivalent noise 

charge in electrons rms of the spectrometer system. The noise charge due the detector 

leakage current and the first stage of the charge readout electronics is expressed as 

quadrature sum of three independent noise charges such as serial noise, parallel noise 

and 1/f noise. Detailed discussion of these noise parameters and their contribution to the 

spectrometer performance can be found in chapter 6. As discussed earlier, the energy 

resolution of the spectrometer depends on the type of detector, its operating temperature 

and the noise of the readout system. In the recent years, advancement in the detector and 

readout technologies, silicon detector, especially Silicon Drift Detector based X-ray 

spectrometer provides energy resolution of ~ 125 eV at 5.9 keV [37] and a sample 

spectrum of the same is shown in figure 2.22. 

 
Fig. 2.22: A sample spectra acquired from SDD based X-ray spectrometer with ASIC 
based readout [32]. 
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2.4.7. Principle of Operation of Silicon Diode Detectors: 

The working principle of semiconductor detectors relies on ionization due to the 

incident photon on the detector material. The absorbed photons excite the valance band 

electrons into conduction band, creating e-h pairs. The number of e-h pairs created 

depends on the absorbed energy and the bandgap energy. In silicon, the PIN diode is the 

basic radiation detector with p+ and n+ contacts with n-type bulk as shown in figure 

2.23.  

   
Fig. 2.23: Working principle of a reverse biased silicon PIN diode. 

 

Si PIN diodes are usually made on a high-ohmic resistance (> 1 kΩ.cm) n-type 

silicon bulk. When the diode is reverse biased, the bulk material is depleted from the free 

charge carriers. Reverse bias creates an electric field (Ef) across the detector which forces 

the positive and negative charge carriers formed due to ionization to drift in the opposite 

direction and collected at the electrodes for the further signal processing. The electric 

filed across the 500 micron thick silicon detector is shown in figure 2.24 and the 

distribution is given in the equation 2.13. 

 

Ef 
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d
VE bias

f          (2.13) 

Ef - Electric field across the detector 

Vbias - Reverse bias voltage applied across the detector 

d - Detector thickness 

 
Fig. 2.24: The electric field distribution inside the PIN diode for the detector thickness of 
500 microns. 
 

The continuous flow of dark current (reverse current) in the detector is also 

collected which contributes to the spread in the measured signal charge. The dark current 

is greatly reduced by cooling the detector to lower operating temperatures. The charge 

collection time is usually fast in semiconductor detectors and in case of silicon, the 

charge collection time is ~ 10 - 20 ns. Due to the large electrode capacitance, the signal 

processing electronics should have longer time constant to achieve the better signal to 

noise ratio. The large detector capacitance and longer readout time constant forces the 

spectrometer system to handle only limited count rates.  

 The noise performance of a PIN diode depends on the detector capacitance and 

the leakage current at the readout anode along with the noise performance of the charge 
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readout system. As these detectors are fully depleted by applying reverse bias voltage, 

the capacitance value of these detectors can be calculated by using parallel plate 

capacitance approximation, which is given in equation (2.14) 

d

si
d W

AC 0
         (2.14) 

 A - Area of the PIN diode 

 Wd - Depletion thickness 

 εsi - Permittivity of silicon and the value is about 10-12 F/cm2    

 ε0 - Permittivity of air 

  

 The parallel plate capacitance of PIN diode detector is estimated to ~ 1 pF/mm2 

for 100 micron thick detector and ~ 20 pF/cm2 for 500 micron thick detector. The 

selection of proper material quality is also very important in silicon detector. Generally, 

the silicon detectors are build on a p-type or n-type bulk with high ohmic resistance. N-

type grade silicon material was/is easily available and it is used widely used for the 

fabrication of silicon detectors and other microelectronics with planar technology. The 

doping concentration of bulk is also very import and it controls the resistivity of the 

detector and hence determines the optimal bias voltage required to achieve the full 

depletion which is essential for radiation detectors. The depletion layer width is 

proportional to the square root of the applied voltage and inversely proportional to the 

square root of the doping concentration as given in equation (2.15)  

de

biassi
d Nq

VW 02 
        (2.15) 

 Wd - Depletion width 

 εsi - Permittivity of silicon and the value is about 10-12 F/cm2    
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 ε0 - Permittivity of air 

 Vbias - Reverse bias voltage 

 Nd - Donor concentration 

 

 The doping concentration can be expressed in terms of resistivity, which is given 

in equation (2.16) 

1)(  Nq e         (2.16) 

 The parameter µ gives the relation between the applied voltage and the charge 

carrier velocity and the depletion width becomes as in equation (2.17) for Vbias >> Vbi. 

The mobility of electrons approximately 3 times that of mobility of holes. P-type bulk 

material will have 3 times the resistivity of n-type for the given doping concentration. 

biassid VW  02       (2.17) 

 To achieve the full depletion in the bulk with reasonably low bias voltage, the 

doping concentration should be as low as possible to get high resistivity. Silicon 

detectors with 450 micron thick silicon with resistivity of ~ 4 kΩ.cm require reverse bias 

voltage of ~ 150 V to get full depletion. Making a thickest possible detector is limited by 

the detector capacitance and its contribution to the spectral performance. 

 The leakage current in a fully depleted PIN diode consists of two leakage currents 

namely the bulk leakage and surface leakage due to interface layers. The bulk leakage 

current is due to thermally generated charge carriers in the depleted intrinsic region and 

this originates from the traps located in the forbidden bandgap. The surface leakage 

current depends on the SiO2 and metal layer interfaces when biased. The modern 

technologies used in these processes provide leakage current of the order of few tens or 

hundreds of fA/cm2 at room temperature. Both these leakages are temperature sensitive 
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and hence by cooling the detector to lower temperature, one can significantly reduce the 

leakage current contribution to the performance of the spectrometer system. 

 Silicon detectors are broadly classified into energy dispersive and position 

sensitive detectors. Both theses detectors provide energy information and the later one 

provides energy along with the position of interaction. Si PIN, Si (Li), p-n junction photo 

diode and APD are energy dispersive detectors. Silicon Strip Detector (SSD), Si pixel 

detector and p-n CCD are position sensitive detectors. Working principle, configuration 

and their usage is briefly described in the following subsections. 

 

2.4.8. Si PIN Diode Detector: 

Silicon detectors were used in the form of Si PIN diode for the radiation detection 

in 1980’s and 1990’s as discussed in Kemmer (1980) [19] and Pantazis (1994) [20]. Si 

PIN diode detectors have been consistently used in various applications including in the 

space/planetary missions for detecting X-rays in the energy range of 1 - 25 keV until the 

Silicon Drift Detector technology was available for the researchers. These detectors are 

available in different sizes starting from 5 mm2 to 25 mm2 and thickness ranging from 

few microns to few hundred microns. Generally, the Si PIN diodes with thickness ≤ 500 

micron are used for detecting X-rays in the energy range of 1 - 25 keV with reasonably 

good energy resolution. X-ray spectrometer with 6 mm2 area, 500 micron thick [33] 

provides the energy resolution of ~ 220 eV at 5.9 keV (55Fe X-ray source) when the 

detector is cooled to - 40oC for the pulse peaking time of 2.4 µs. In case of larger area Si 

PIN detectors (25 mm2), the energy resolution is > 300 eV [33] for the same detector 

thickness. Si PIN detectors provide good energy resolution relatively at low count rates 

(< 104 counts/s) due to larger detector capacitance and are not generally suitable for high 

count rate applications. 
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These detectors are available in the form of standalone modules consisting of Si 

PIN chip, JFET which is part of first stage of charge readout amplifier to improve 

signal/noise ratio, and the Peltier cooler to cool the detector to lower operating 

temperatures. Front side of these detector modules are covered with 8/13/25 micron  

thick beryllium (Be) window to avoid any stray light falling on to the detector and also 

helps to maintain conditioned environment inside the module when the detector is cooled 

to lower temperatures. The 8 micron thick Be window reduces the detector efficiency to 

30% for 1 keV X-ray photon. The schematic representation of one such module is shown 

in figure 2.25 and its spectral performance compared with CdTe having detector 

thickness of 1 mm is shown in figure 2.26. 

 
Fig. 2.25: Schematic representation of constituents of Si PIN detector module (Courtesy 
AMPTEK) [33]. 
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Fig. 2.26: A sample spectrum of Si PIN detector with 500 micron thick and compared 
with CdTe detector of 1mm thick (Courtesy AMPTEK) [34]. 
 

2.4.9. Si (Li) Detectors: 

The silicon detectors made with planar technology like Si PIN detector discussed 

in the earlier section has depletion depth < 1 mm. To achieve the higher depletion depths 

of 1-5 mm, lithium drifting process in silicon is used. In lithium drifted silicon detector 

Si (Li), lithium ions acts as donors which are driven through a large volume of silicon 

crystal (p-type) to obtain an intrinsic like bulk material by means of the compensation of 

the donor and acceptor impurity concentrations. In a Si (Li) detector, the lithium 

continues to drift significantly at room temperature and therefore, in order to prevent the 

undesired redistribution of lithium, the detector must be kept always in the colder 

environment even when the detector is not used.  

Si (Li) detectors provide good energy resolution of ~ 150 eV at 5.9 keV when 

cooled to liquid nitrogen (LN2) temperature and this performance closely matches with 

germanium detector as reported in [35]. These detectors are available in various sizes 

ranging from 10 mm2 to 80 mm2 area and the detector thickness is available up to 5 mm. 
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Due to higher thickness, the efficiency improves at higher energies compared to Si PIN 

detectors and the efficiency curve for 3 & 5 mm Si (Li) detector is shown in figure 2.27.  

 
Fig. 2.27: Si (Li) detector efficiency for 3 and 5 mm thick detectors [35].  

 

These detectors work in the energy range of few hundred eV to ~ 40 keV with 

detection efficiency > 25% at 40 keV. 

 

2.4.10. Silicon Strip Detectors (SSD): 

 Silicon Strip Detector is a type of position sensitive silicon detector obtained by 

segmenting larger detector into small sub detectors and each sub detectors are connected 

with individual readout electronics. The charge induced due to photon interaction will be 

detected in the multiple chains of readout electronics and thereby the position 

information can be obtained. 

 In early 1980's, G Lutz and J. Kemmer pioneered the development of silicon strip 

detectors. The radiation hardened silicon strip detectors were available from 1990's and 

subsequently, the technology transfer to industry took place for bulk production. The 

silicon strip detector can be created by patterning larger p-n junction of a PIN diode in to 

an array of long and narrow strip like structure forming individual p-n junctions as 
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shown in figure 2.28. The strips usually extend the full length of the sensor. The biasing 

of the strips is fed from a shared common power supply. When the reverse bias is applied 

to all the junctions together, individual depletion layers overlap and device behaves like 

large PIN diode with multiple readout electrodes. The width of the strip is in the order of 

few tens of microns and the pitch between the strips varies from ~ 50 µm up to several 

hundreds of microns [37, 38]. Strips in one side and planar contact on other side forms 

single sided strip detector (SSSD), which can provide 1D-position sensing capability. 

 
Fig. 2.28: Single side silicon strip detector used in the CMS experiment (3D-model) [36]. 
 

 If the strip patterns are established on both the sides of the silicon sensor with 

crossed strips known as double sided silicon strip detector (DSSD). With the crossed 

pattern, by reading the signal charge due to both electrons and holes in the opposite 

electrodes, one can estimate the position accurately with 2D-position capability. The 

layout representation of 2D strip detector is shown in figure 2.29. SSD's are also widely 

used for tracking charged particles and there are SSD based systems available providing 

2D position resolution as low as 1µm. Currently, these detectors are available in wafer 

size of about 4-5 inches and combining many of such detectors will provide large area, 

essential for many scientific applications. Making such large size is possible due to 

simple electrode structures. 
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Fig. 2.29: Layout of double sided (2D) silicon strip detector [40]. 
 

 Large number of these detectors are being used in ATLAS experiment at CERN 

[39] with silicon active area are > 150 m2 and  in CMS experiment of LHC [40] with 

active are of 200 m2. Silicon strip detectors are also employed as gamma detector in 

space based Compton telescopes, GLAST with active area of ~ 80 m2 [41]. Strip 

detectors are seldom used for spectroscopic applications due to larger capacitance of the 

charge collecting electrodes which results in poor energy resolution. 

 

2.4.11. Pixel Detectors: 

 In case of silicon strip detector, the detector will not be able to assign the position 

unambiguously if there are multiple events within the readout period. This drawback is 

due to the longer electrode structure. In such cases, pixel detectors have to be used. 

Instead of longer strips, segment the strips in both the sides, becomes pixel detectors. 
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This configuration increases 2D resolution and also provides better energy resolution due 

smaller electrode capacitance. Such pixilated detector calls for large number of readout 

chains and hence the conventional discrete electronics based readout will be impractical. 

Hence, it is essential to have Application Specific Integrated Circuit (ASIC) based 

readout system for the pixilated detectors. There are two configurations widely used in 

pixel detectors  

1. Hybrid active pixel sensor (HAPS) 

2. Monolithic active pixel sensor (MAPS) 

 

2.4.11.1. Hybrid Active Pixel Sensors (HAPS): 

 In HAPS configuration, the pixilated detector and the ASICs are separately 

fabricated and bonded together. The interface between the detector and ASIC is done by 

means of bump bonds with low signal loss. The HAPS configuration is shown in figure 

2.30. These detectors are available in varies sizes such as 50 x 450 µm2, 50 x 400 µm2 

and 100 x 150 µm2 (is not the size of single pixel) with thickness up to 250 µm with 

position resolution of ~ 10 µm. 

 
Fig. 2.30: Schematic representation of hybrid active pixel sensor [42]. 
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2.4.11.2. Monolithic Active Pixel Sensors (MAPS): 

 In this case, the pixilated detector and the ASICs are made on a common silicon 

substrate. One part of the silicon works as detector and other part is made of 

microelectronics for charge readout as shown in figure 2.31. Bonding material is not 

exclusively required in monolithic active pixel sensor. The thickness of these sensors 

typically varies from 50-75 µm and the size of the pixel varies from 20-50 µm with 

position resolution of ~ 1 µm [43, 44]. 

 
Fig. 2.31: Schematic representation of monolithic active pixel sensor [43, 44]. 
 

2.4.11.3. DEPFET Pixel Detector: 

 Fully depleted field effect transistor (DEPFET) pixel detector is also a type of 

monolithic pixel detector wherein only front-end amplifying FET transistor is placed 

along with the fully depleted bulk and subsequent signal processing is carried out 

external to the detector chip [45]. The schematic representation of the DEPFET pixel 

detector is shown in figure 2.32. 
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Fig. 2.32: Schematic representation of monolithic DEPFET pixel detector [45]. 
 

 Some of the scientific experiments (ATLAS and ALICE) which use hybrid 

pixilated silicon sensors are shown in figure 2.33 and 2.34. 

 
Fig. 2.33: ATLAS experiment (left) [46] and CMS experiment (right) with hybrid Si 
pixilated detectors [47] 
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Fig. 2.34: ALICE experiment with hybrid Si pixilated detectors [48]. 
 

2.4.12. Fully Depleted p-n CCD: 

 The concept of charge coupled device (CCD) was originally introduced as a 

imaging device in video cameras. The principle of operation is based on the storage and 

transport of charge. Subsequently, the modified version of the CCD was proposed for 

detecting radiation in the form of fully depleted CCDs [49, 50] with on-chip FET [51]. 

The basic schematic representation of fully depleted p-n CCD is shown in figure 2.35.  

  
Fig. 2.35: Schematic representation of p-n CCD cut through view (courtesy PN Sensor) 
[52]. 
 

 The concept of fully depleted p-n CCD is based on the principle of sideward 

depletion of high resistivity silicon which was proposed for silicon drift detectors in 1983 

and 1984. In the following years, the basic concept was modified and designed to form 
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p-n CCDs [52]. It is built on a high ohmic n-type silicon bulk as that of other silicon 

detector with a n-type epitaxial layer and a matrix of p+n strips and perpendicular p+ 

implants on the upper surface. When X-ray photon strikes, the electrons are drifted 

towards potential minimum wells under the p+ contacts called transfer registers (figure 

2.36).  

 
Fig. 2.36: Inside view of p-n CCD indicating charge transfer direction to the readout 
electronics [53]. 
 

 The holes are absorbed by the back contact. The electrons in the potential well 

are then transferred to the readout electrode by changing the biasing conditions of the 

transfer registers. In this configuration, the charge readout speed is increased as the 

single phase sequencing is sufficient to transfer the charge to the neighboring register 

and this is achieved by means of structuring the potential minima for electrons at three 

different depths in the n-type epitaxial layer. The major advantage of this configuration 

is that the detector efficiency improves greatly by operating in fully depleted mode 

compared to MOS CCDs of same thickness. The fully depleted region of the silicon bulk 

makes it attractive to use in the X-ray spectroscopy. P-n CCDs are generally used for X-
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ray imaging as it has the limitation of using in photon counting mode at high count rates 

due to sequential readout. In X-ray imaging, the position resolution is very important and 

this is mainly determined by the strip spacing which is of the order few tens of microns. 

The charge spread during the charge integration and transfer is made negligible in the 

fully depleted p-n CCDs.  

 Though the functional p-n CCDs were available in 1993, the first large area and 

large depletion p-n CCD was made at Max Planck Institute for extraterrestrial physics 

together with semiconductor laboratory involving PN Sensor. The fabricated sensitive 

area was 6 x 6 cm2 with pixel size of 150 µm x 150 µm having depletion thickness of 

300 µm. This device provided unprecedented quantum efficiency in the energy range of 

100 eV to 15 keV. This sensor was successfully flown in XMM-Newton satellite 

missions [54] and the photographic view of the same is shown in figure 2.37. 

 
Fig. 2.37: The photographic view of p-n CCD built with sensitive area of 6 x 6 cm2, 
flown in XMM-Newton satellite missions [52, 54]. 
 

 In recent years, p-n CCD are available in multiple pixel sizes from 36 µm x 36 

µm up to 150 µm x 150 µm, depletion depth up to 450 µm and the active area reaching 

from 1 cm3 to 3 cm3. 
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2.4.13. Silicon Drift Detector (SDD): 

Silicon Drift Detector is a new technology Si detector which provides energy 

resolution better than exiting Si detector technologies. Though the SDD was invented in 

1984, the first working SDD was fabricated in late 1990's and vast improvements have 

been made in last two decades in terms of detector configurations and readout 

techniques. These detectors are shown to provide energy resolution of ~ 125 eV at 5.9 

keV which is close to the Fano limit, the theoretical limit of spectral energy resolution. 

The concept, types and advancements in SDD and their use in the space missions are 

discussed in chapter-3. 

 

2.5. SUMMARY: 

 In this chapter, the working principle and various subsystems involved in the X-

ray spectrometer are discussed. This chapter also describes various detectors and 

technologies adapted over past several decades in X-ray studies, their working principle, 

charge formation and readout techniques. The suitability of these detectors for the 

desired energy range is described by comparing their performances and also giving their 

merits and demerits. Detailed discussion on the photon interaction mechanisms on the 

silicon detectors, bandgap and its temperature dependence, charge carrier formation and 

its variance (Fano factor), detector efficiency, charge collection, energy resolution and its 

dependence on Fano factor/noise from the readout electronics are described. The 

advancement in the silicon detector technology allows us to develop the X-ray 

spectrometer instruments with energy resolution close the Fano limit. The use of silicon 

detectors in various applications (both ground and space based) is also described. 
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Chapter 3:  

REVIEW OF SILICON DRIFT DETECTOR AND THIER USE 

IN SPACE APPLICATIONS 

 

3.1. INTRODUCTION: 

Silicon Drift Detector (SDD) is a new technology silicon photo detector with 

unique electrode structure and offers low detector capacitance compared to planar Si PIN 

detector of same area. This yields low noise even at shorter shaping times and hence, 

SDDs can be used at much higher count rates with desired energy resolution. The 

concept of SDD was introduced in 1984 by Gatti and Rehak who presented the concept 

and the experimental results [55]. The concept was based on the sideward depletion. 

SDD was initially proposed for position measurement and considered as a replacement 

for gas chambers in the form of solid state device. In his work, it was observed that 

detector capacitance is independent of detector area. In 1985, Rehak and Gatti [56] have 

shown the use of SDDs for energy measurements rather than position measurement with 

SDD in circular form. In these SDDs, the drift electrodes are made on both the sides to 

form the radial electric filed. The planar electrode concept in SDD was introduced in 

1987 by Kemmer [57] with planar contact on one side and drift electrodes on the 

opposite side. As discussed in the earlier chapter, the fabrications of planar contacts are 

easier to manufacture. This technique also provides very thin dead layer in the entrance 

window where only X-ray photons are allowed to enter in to the detector, which is 
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important for X-ray spectroscopy.  The first good quality SDD for laboratory application 

was produced in 1995 for EDS and XRF measurements [58]. In the last two decades, 

SDDs are being optimized to achieve very good spectral energy resolution in various 

types and sizes [45, 59-61]. Significant research wok has been carried out in the SDD 

readout techniques [51, 62-64] aiming at improving the energy resolution by reducing 

the contribution of electronics noise. In recent times, it is shown that SDDs with 

advanced readout electronics can provide energy resolution close to Fano limit.  

  

3.2. WORKING PRINCIPLE OF SDD: 

 In the conventional PIN photo detector, the ohmic n+ contact extends to the full 

area of the silicon bulk on one side and the potential distribution is shown in figure 3.1a. 

In figure 3.1b, n+ contact introduced with p+ electrodes on both the sides to achieve the 

depletion of the bulk and when the bias at n+ contact is increased, creating a potential 

minimum at the centre of the bulk with small undepleted zone near the n+ region as 

shown in figure 3.1c.  

 
Fig. 3.1: Schematic representation of sideward depletion concept [55]. 
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 The working principle of SDD is understood from the sideward depletion 

concept. In case of SDD, an additional electric potential is applied on both sides to force 

the electrons to drift towards the n+ electrode for the signal readout as shown in figure 

3.2. This is achieved by implanting p+ electrode array on both the sides. These 

electrodes are suitably biased such that an electric field line is created as shown in figure 

3.3. 

 
Fig. 3.2: Schematic representation of working principle of SDD [55].  
   

 
Fig. 3.3: The electron guiding potential distribution in the drift region of the SDD 
pointing towards the anode [55]. 
 



65 
 

 When a photon interacts in the active volume of the detector, the electrons are 

guided towards the anode and the holes are collected by the nearest p+ electrodes as the 

p+ electrodes are applied with negative bias. The region close to the collecting anode, 

the bottom of the potential channel is shifted towards the surface where the anode is 

present by suitably biasing the opposite electrodes. The electron cloud gives an electric 

pulse in the anode and the drift time of the electron cloud along with the signal due to 

holes can be used to derive the measure of the position of the photon interaction [56]. 

The signal due to electron charge will give the energy of the photon. The important 

finding of this sideward depletion concept is that the detector capacitance is the anode 

capacitance whose value is independent of the detector area. The anode capacitance is of 

the order of few hundred fempto farad. The low detector capacitance provides low noise 

at lower shaping times and thereby the system can be used for high count rate 

applications. 

 

3.3. SDD FOR X-RAY MEASUREMENTS: 

 SDDs are ideally suited for X-ray spectrometry due to its low detector 

capacitance along with the low noise readout system enables to achieve the energy 

resolution close to the Fano limit. In the sideward depletion SDD concept, the areas 

between the p+ strips on the surface are covered with SiO2 layer. There is fixed positive 

charges in the SiO2 layer causing the potential distribution downward from the detector 

surface creating potential minima. These sites could collect the signal electrons 

generated during the photon interaction, in the low energy range < 5 keV [65]. To 

overcome this limitation at lower X-ray energies, a suitable design topology has been 

implemented with a thin continuous entrance window without oxide layer gaps [57].  

Also, the point anode is kept in the centre forming a circular detector that minimizes any 
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signal loss due to the travel length of the signal electrons. The circular SDD optimized 

for energy measurement is shown in figure 3.4.  

 
Fig. 3.4: Schematic representation of a circular SDD with anode at the center (courtesy 
KETEK, GmbH) [66]. 
 

 Circular SDDs have concentric rings around the point anode, which are applied 

with progressively higher reverse bias voltages, which guide the photoelectrons into a 

"point" anode. The drift field with respect to the point anode at the centre is shown in 

figure 3.5.   

 
Fig. 3.5: The possible electron path (field line) inside the SDD with 300 micron 
thickness [66]. 
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 The bias voltage required for the successive p+ electrodes are derived from a 

single high voltage applied at the outer electrode by using resistive divider which is part 

of the SDD chip. The inner ring close to the anode and the back contacts are applied with 

separate bias voltages. The capacitance of the point anode is ~ 200 fF. The p+ back 

contact acts as entrance window for the radiation to be detected is made of a shallow p+ 

implantation with thickness of the order of few tens of nano meters [67] which allows to 

achieve the low energy threshold of few hundred eV. The quantum efficiency of such 

SDD with few tens of nm of dead layer for 450 and 900 micron thick detector is reported 

in [68]. It is shown that the quantum efficiency of > 40% could be achieved for incident 

energies more than 200 eV as shown in figure 3.6. 

 
Fig. 3.6: Quantum efficiency of a 450 and 900 micron thick SDDs with thin dead layer 
[68]. 
 

3.4. TYPES OF SDD CONFIGUATIONS:  

3.4.1. SDD with Discrete External FET: 

 The major advantage of SDD over Si (Li) detector or Si PIN detector is the 

possibility to realize an X-ray spectrometer with energy resolution of ~ 150 eV at 5.9 
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keV for higher count rates with moderate operating temperatures of ~ -40oC. Such 

operating temperature can be achieved using Peltier coolers. Generally, a low noise field 

effect transistor (FET) is used in the first stage of the charge readout system to minimize 

the capacitance of the readout electronics to exploit the low anode capacitance of the 

SDD to achieve the good energy resolution. Initially, SDD modules were made available 

with a discrete FET mounted close to the point anode to reduce the total input and stray 

capacitance contribution due to the wires connected between the anode and the charge 

readout system as shown in figure 3.7. 

     
Fig. 3.7: Schematic representation of discrete FET mounted near to the SDD chip 
(Courtesy to AMPTEK, USA) [69]. 
 

 Initial version of such detectors was shown to provide the energy resolution of ~ 

180 eV at 5.9 keV [70]. In recent years, with the improvement in the detector fabrication 

technologies and also in the readout systems, energy resolution of ~ 130 eV @ 5.9 keV 

has been achieved [71]. 

   

3.4.2. SDDs with On-chip FET: 

 The concept of implementation of readout electronics part of silicon was 

introduced in 1993 by Pinnoti for p-n CCDs. Since then, implementation of FET on-chip 
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is being used in most of the devices and applications. The main advantage of 

implementing FET on a SDD chip further reduces the input and stray capacitances 

between the anode and the charge readout system [51, 72-74]. The schematic 

representation of SDD with on-chip FET is shown in figure 3.8.  

 
Fig. 3.8: Schematic of a circular SDD with on-chip JFET [59]. 
 

 As the FET is made on the silicon substrate, the capacitance matching between 

the SDD and FET (Cdet = CFET) can be achieved easily and this also greatly reduces the 

micro phonic, cross talk and electric pickup noises which could happen in case of 

discrete FET based or external readout systems. The FET transistor is n-channel JFET 

which is designed to be operated on a fully depleted silicon bulk placed inside the ring 

type anode, against point anode as discussed earlier. A narrow metal strip connects the 

JFET gate with SDD anode. A circular p implantation, biased through a guard ring 

divides the JFET region with SDD. The gate of the JFET collects the charge carriers 

from the anode via a metal strip as shown in figure 3.9. The discharge of the anode will 

be carried out using reset diode. The concept of discharge mechanism and the use of 

reset diode is discussed in chapter-4. SDDs with on-chip FET can be operated either in 

source-follower [75] or charge sensitive pre-amplifier modes [76, 77] with internal self 

adapting discharge mechanism [76] (which does not require external reset circuit) or 
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pulse reset technique with external reset circuit [78, 79]. These reset techniques are also 

discussed in detail in chapter-4. 

 
Fig. 3.9: Section of the SDD layout where readout transistor is interfaced with the charge 
collecting anode [51]. 
 

 The X-ray spectrometers with such SDDs are shown to provide the energy 

resolution of ~ 130 eV at 5.9 keV for the detector area of 10 mm2 with 450 micron thick 

silicon, by cooling the detector to ~ -20oC [80] as shown in figure 3.10.  

 
Fig. 3.10: Spectrum measured using 10 mm2 area, 450 micron thick SDD with on-chip 
FET by cooling the detector to -20oC (courtesy PN Sensor) [80]. 
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  It is also shown that the same energy resolution is maintained for the count rates 

up to ~ 105 counts/s as shown in figure 3.11. This is possible due to the small detector 

capacitance and low noise readout electronics. 

 
Fig. 3.11: Spectral energy resolution measured for various incident photon rates up to 1.2 
x 105 counts/s [80]. 
 

3.4.3. SDDs with ASIC Readout: 

 In the recent years, instead of using discrete or integrated on-chip FET, 

researchers have developed Application Specific Integrated Circuit (ASIC) based readout 

electronics named CUBE containing full charge readout amplifier [81]. The CUBE ASIC 

is mounted close to the SDD chip. The schematic representation of the SDD with CUBE 

ASIC is shown in figure 3.12. The CUBE ASIC is designed with physical size of < 1 mm 

x 1 mm consuming < 6 mW power. Using this ASIC, it is shown that the SDD with 10 

mm2 area provides energy resolution of ~ 125 eV at 5.9 keV when the SDD is cooled to - 

40oC as shown in figure 3.13. 
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Fig. 3.12: Schematic view of CUBE ASIC mounted close to the SDD chip (Pre is the 
CUBE) [81]. 
   

  
 
Fig. 3.13: Spectrum obtained with CUBE ASIC for 55Fe X-ray source, pulse peaking 
time of 1.5 µs [81]. 
 

3.4.4. Silicon Drift Detector Droplet (SD3): 

 The Silicon Drift Detector Droplet (SD3) is a modern SDD design wherein the 

on-chip FET is fabricated on the edge of the silicon bulk and hence the charge readout 

anode is offset close to the FET [63, 82]. This configuration is often referred as "tear 

drop" or "droplet" SDD as shown in figure 3.14.  
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Fig. 3.14: Schematic design of Silicon Drift Detector Droplet (SD3). The black region is 
the on-chip FET placed at the edge of the device which can shielded from the radiation 
[63]. 
  

 In this detector concept, the charge carriers are guided towards the point anode by 

applying suitable electric field to the bow-shaped electrodes. SD3 architecture has two 

main advantages compared to that of circular SDDs. When the FET is integrated at the 

center of the SDD, FET is susceptible to radiation damage and also the X-ray 

interactions close the FET site will result in partial loss of the signal electrons and hence 

increase in the background contribution to the resultant spectrum. Additionally, the 

electrostatic field around the centre FET resulting in the performance degradation. By 

moving the FET outside the active area, once can easily protect it from the radiation by 

means of collimator and additional shielding. This configuration improves the 

peak/background ratio (3000 to 5000) with collimator (dia. 2 mm) by eliminating the 

partial events that occur close to the centre FET.  

 The SD3 configuration also offers the designer to design the readout anode with 

different shape and size as the direction of the charge carriers are known. This results in 

further reduction of total input capacitance seen by the readout electronics and the 

reduction in capacitance is found to be ~ 120 fF from ~ 200 fF [83]. The measured 

energy resolution is ~ 128 eV at 5.9 keV for 5 mm2 area SD3 when the detector is cooled 

to -10oC as shown in figure 3.15.  



74 
 

 
Fig. 3.15: Comparison of spectra obtained from a circular SDD and SD3 with 5 mm2 area 
[83]. 
  

 The disadvantage of this detector concept is that the path length of the charge 

carrier doubles when compared to that of center readout anode and this constraints 

making a large area detector using this concept. In recent times, the energy resolution of 

~ 125 eV has been reported using Application Specific Integrated Circuit (ASIC) based 

readout system even with circular SDDs [84]. 

 

 3.4.5. Large Area and Multi Element SDDs: 

 Single element large area SDDs are now available with active area up to 150 

mm2 [33] from KETEK, GmbH. These detectors provide energy resolution of ~ 135 eV 

at 5.9 keV when cooled to ~ -40oC. The internal photographic view of large area SDDs 

from KETEK, GmbH [85] and PN Sensor, GmbH [86] is shown in figure 3.16. For large 

area based spectrometer applications, multiple numbers of individual SDDs are 

combined in a particular fashion with minimal dead area between them to achieve the 

desired total active area [87-91] as shown in figure 3.17.  
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Fig. 3.16: Photographic view of large area SDDs, 100 / 150 mm2 area on the same foot 
print from KETEK, GmbH (left), 100 mm2 area from PN Sensor (right) (Courtesy 
KETEK GmbH and Courtesy PN Sensor, GmbH). 
 
 

 
Fig. 3.17: Photographic view of multiple element large area SDD assemblies from 
KETEK (left) [87] and PN Sensor (right) [88] (Courtesy KETEK GmbH and Courtesy 
PN Sensor, GmbH). 
 

 Combining multiple detectors will be constrained by the type of readout 

electronics as it is necessary to have readout electronics placed close to the detector to 

achieve the best possible energy resolution. It is also essential to have suitable heat sink 

to keep the detectors at the desired temperature during the operation, especially when the 

large numbers of SDDs are put together.  
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3.5. SDD MODULES: 

 SDDs are generally made in the form of modules accommodating bare SDD chip 

with Peltier cooler enclosed using a very thin beryllium (Be) window. The whole 

assembly is fitted in TO-8 package with necessary electrical connections which are made 

available in the form of pins. This makes it easy to handle and develop the SDD based 

instruments. The package also incorporates either first stage of the charge readout 

amplifier (JFET) or CSPA itself in the form of ASIC and other devices such as reset 

diode (diode in the form die mounted inside the module or part of the SDD chip layout), 

temperature monitor (thermistor or diode) etc. The Be window acts as entrance window 

for X-rays and also protects the SDD chip from dust and stray light. Such packaging also 

enables to maintain the desired environment inside the module to achieve the desired 

operating temperature.  In early days, people have used dry nitrogen filling inside the 

module and in recent times, the cooling efficiency of the Peltier is improved by means of 

high vacuum sealing inside the SDD modules. The low energy detection threshold for 

such a SDD module is determined by the thickness of the Be window placed in front of 

the detector. For small area SDDs, Be window thickness could be as low as 8 micron 

thick and it varies from 12 - 25 microns for large area SDDs. The transmission efficiency 

of various thicknesses of Be window in shown in figure 3.18. The 8 µm thick Be window 

gives transmission efficiency of ~ 40 % at 1 keV and < 10 % for 25 µm thick Be 

window. An alternate window made of thin polymer (AP3.3) is available in recent times 

which provide good transmission efficiency at lower energies. A comparison of AP3.3 

polymer with 8 µm thick Be is shown in figure 3.19. The thin polymer AP3.3 provides ~ 

60% transmission efficiency at 0.5 keV and can go down to < 0.2 keV with > 20%. The 

polymer provides ~ 90% transmission efficiency at 1 keV. The efficiency at higher X-ray 

energies depends on the detector thickness. 
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Fig. 3.18: Transmission efficiency of low energy X-rays through various thicknesses of 
Be windows [30]. 
  

 
Fig. 3.19: Transmission efficiency of low energy X-rays through thin polymer (AP3.3) 
window in comparison with 8 micron thick Be window (Courtesy to MOXTEK Inc). 
 

 Comparison of various characteristics of SDD with other silicon detectors is 

given in table-3.1. 
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Table-3.1: Comparison of SDD with other Silicon detectors. 
 Si (Li) Si PIN SDD 

FWHM @ 5.9 keV ~ 130 eV ~ 150 eV ~ 125 eV 

Thickness up to 5 mm up to 1 mm up to 775 µm 

Count rate < 105 cts/s < 104 cts/s  up to 106 cts/s 

P/B ratio up to 20000:1 up to 5000:1 up to 15000:1 

Active area up to 80 mm2 up to 25 mm2 up to 150 mm2 

Cooling requirement LN2 -40oC -40oC 

 

3.6. SDD MANUFACTURERS: 

 There are several manufacturers who make SDDs with various shapes, sizes and 

types. The SDDs which are widely in use for research and other applications are 

manufactured by KETEK (GmbH), PN Sensor (GmbH) and AMPTEK (USA). The size 

and configuration of SDDs produced by these manufacturers are listed in table-3.2.

  

Table-3.2: Comparison of SDD manufacturers and their device characteristics. 
Manufacturer KETEK 

GmbH 

PN Sensor 

GmbH 

AMPTEK 

USA Parameters 

Size (mm2) 7/10/15/20/30/50/ 

80/100/ 150 

5/10/20/30 

/60/100 

7/25 

Thickness (µm) 450 450 500 

FWHM @ 5.9keV for 

small area SDDs 

~ 130 eV with external 

FET, ~ 125 eV with 

ASIC 

~ 128 eV ~ 125 eV 

Shape Circular Circular, 

Square, Droplet 

Circular 

 

FET 

Discrete FET and also 

ASIC based readout 

on-chip Discrete 

Be  and AP3.3 Yes Yes  Yes  

 Used in Mars Exploration   
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Space mission Rover, Mars Science 

laboratory, Rosetta comet 

mission, Planned for 

Chandrayaan-2 mission 

 

Not known 

 

Not known 

  

 There are other manufacturers such as thermo scientific-USA, Oxford 

instruments, Hitachi-USA formerly known as SII nano technology and SGX Sensortech-

UK are also producing SDDs with various shapes and sizes. 

 

3.7. APPLICATIONS OF SDDs: 

 SDDs are used in variety of scientific and laboratory applications. SDD based X-

ray spectrometers are widely used in the ground based and space based applications for 

measuring the elemental compositions with high energy resolution which is essential to 

resolve the closely spaced X-ray fluorescence lines with their intensity. SDD based X-

ray spectrometer is ideally suited for high count rate measurements with count rates up to 

106 counts/s. These instruments are used to produce spatially resolved elemental maps 

with wide dynamic range [92].  

 SDDs are also used as photo detector to detect the scintillation light in high 

energy X-ray and gamma ray applications along with the scintillator [93]. Compared to 

PMTs, SDDs are compact with high quantum efficiency. SDDs offer low noise 

compared to other photodiodes such as Si PIN. This thesis is aimed at use of SDDs in the 

space applications. Hence, we briefly describe the space/planetary missions which have 

carried the SDD based X-ray spectrometers onboard for various scientific studies.  

 

 

 



80 
 

3.8. SDDs IN SPACE MISSIONS: 

Several space missions in the past decade have carried Silicon Drift Detector 

(SDD) based X-ray spectrometer onboard for various scientific measurements due to its 

superior spectroscopic performance. Mars rover experiments such as Mars Exploration 

Rovers (MER) Spirit and Opportunity and recent Mars Science Laboratory (MSL) have 

carried SDD based X-ray spectrometer for in-situ elemental composition measurement of 

Martian surface. The comet mission Rosetta has also carried SDD based X-ray 

spectrometer onboard PHILAE lander for the comet 67P/Churyumov-Gerasimenko to 

carry out in-situ elemental composition measurements. Recent lunar mission from China, 

Change'3 also carried SDD for in-situ elemental composition measurements on the lunar 

surface. 

There are planetary/space missions in the near future plan to use scientific 

instruments having SDD as a sensor. Chandrayaan-2, the second Indian mission to Moon 

is slated for launch in the year 2017 uses SDD detector in two X-ray spectrometer 

instruments. The space mission, Large Observatory for X-ray Timing (LOFT) is being 

developed by European Space Agency (ESA) with large number of large area SDDs with 

total effective area of 10 m2 for astronomical observations. This mission is slated for 

launch in the year 2022. The instrument details with the scientific requirement are 

discussed briefly in the following subsections. 

 

3.8.1. Mars Exploration Rover (MER): 

 The SDD based X-ray spectrometer named Alpha Particle X-ray spectrometer 

(APXS) was flown in two Mars Exploration Rovers (MER) namely Spirit and 

Opportunity. The objective of the instrument was to determine the major and minor 
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elemental composition of Martian rocks, soils and other geological materials near the 

landing sites. The working principle of APXS is based on the measurement of 

characteristic X-rays emitted from Martian surface due to alpha Particle Induced X-ray 

Emission (PIXE) and X-ray Fluorescence (XRF) processes by irradiating the sample 

surface with alphas and X-rays emitted from the radioactive alpha sources (244Cm). The 

instrument was configured with six alpha sources, each with activity of ~ 5 mCi giving 

the total activity of ~ 30 mCi [94]. 

 APXS onboard MER carried a SDD with active area of 10 mm2, 450 micron 

thick silicon covered with 5 micron thick Beryllium window. This instrument is 

configured as cylinder with 53 mm dia and 84 mm length accommodating SDD, six 

numbers of alpha sources and six numbers of alpha detectors as shown in figure 3.20.  

 
Fig. 3.20: Schematic representation of SDD based APXS instrument onboard MER [94]. 
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 The photographic view of the instrument is shown in figure 3.21. The APXS 

onboard MER provided the energy resolution of ~ 160 eV at 5.9 keV by cooling the 

SDD to ~ -35oC when operated during the Martian night time and the resolution 

degraded to ~ 200 eV during day time operating for the operating temperatures greater 

than -10oC. The fluorescence spectra measured by the APXS onboard MER rover is 

shown in figure 3.22. 

 
Fig. 3.21: Photographic view of APXS flown in MER [94]. 
 

 
Fig. 3.22: Spectra measured by MER rover for two samples [95]. 
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3.8.2. Rosetta Mission: 

APXS instrument onboard Rosetta mission was the first mission planned with 

SDD for the space use, though the Rosetta mission was launched in 2004 after the 

landing of MER rovers in 2003. Rosetta is a space probe built by the European Space 

Agency. Rosetta mission landed on the comet on 12th November, 2014. The objective of 

the Rosetta APXS instrument is to carry out elemental composition studies on the comet, 

67P/Churyumov-Gerasimenko by mounting it on the PHILAE lander. The APXS 

instrument on Rosetta lander was delivered to the mission team in mid 2002 and it 

underwent all the environmental tests as desired before its integration with lander. This 

instrument provides energy resolution of ~ 180 eV at 6.4 keV when the SDD cooled to -

40oC. This instrument configuration is very similar to the APXS flown in MER [96]. 

 

3.8.3. Mars Science Laboratory (MSL): 

 The improved version of the SDD based Alpha Particle X-ray Spectrometer 

(APXS) that flew in MER was flown in Mars Science Laboratory (MSL) with similar 

scientific objectives. The new configuration reduces the total integrating time from 

several hours to few hours by taking the SDD and alpha sources close to the sample 

surface as shown in figure 3.23. In this instrument, the improved version of the SDD 

module was used, which provides the energy resolution of ~ 150 eV at 5.9 keV by 

cooling the detector to below -15oC. This allows larger temperature operational time 

window for continuous data collection compared to APXS onboard MER [97]. The 

improved spectral response of APXS instrument onboard MSL in comparison with the 

APXS instrument flown in MER is shown in figure 3.24 for a Basalt Columbia River 

(BCR), a geochemical standard reference. 
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Fig. 3.23: Schematic representation of SDD based APXS instrument onboard MSL [97]. 
  

 
Fig. 3.24: Spectral response comparison of APXS instruments flown in MSL and MER 
[97]. 
 

3.8.4. Chang’e-3 Mission: 

 Chang’e-3 is the first mission to carry SDD onboard lunar mission to carry out 

in-situ X-ray fluorescence measurement onboard Yutu rover to determine the elemental 

composition of lunar rock and soil around the landing site. Though the instrument is 

named as APXS, but it carried only X-ray sources. It carried four number of 55Fe with 

activity of ~ 70 mCi each and four number of 109Cd with ~ 5 mCi each. The APXS 

onboard Chang’e-3 rover was shown to be providing the energy resolution of ~ 135 eV 
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at 5.9 keV by cooling the SDD to -30oC [98]. The SDD used in the experiment has the 

active area of 7 mm2 with 2 micron thick beryllium window in the front. The 

photographic view of the instrument is shown in figure 3.25.  

   
Fig. 3.25: Photographic view of the APXS onboard Chang’e-3 mission [98]. 
 

 The instrument was first powered and the calibration measurement was carried 

out on 22nd December, 2013. The first lunar soil measurement was carried out on 24th 

December, 2013 for more than two hours. Subsequently, the second APXS measurement 

was carried out on 14th January for one hour after the lunar night. The measured 

calibration spectra and the XRF on the lunar surface is shown in figure 3.26. 

  
Fig. 3.26: The calibration and the lunar soil spectra measured on the lunar surface by 
APXS onboard Chang’e-3 [98]. 
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3.8.5. Chandrayaan-2 Mission: 

 Chandrayaan-2, the second Indian mission to Moon will have Orbiter, Lander and 

Rover and slated for launch in the year 2017. There are several instruments onboard on 

these three platforms to carryout various scientific measurements. There are two SDD 

based X-ray instruments planned onboard Chandrayaan-2 mission namely Alpha Particle 

X-ray Spectrometer (APXS) on the rover and Solar X-ray Monitor (XSM) on the orbiter.  

 

3.8.5.1. Alpha Particle X-ray Spectrometer (APXS): 

 The objective of Alpha Particle X-ray Spectrometer onboard Chandrayaan-2 

rover is to analyze several rock/soil samples around the high latitude landing site on the 

lunar surface for the elemental composition studies, covering the energy range of 1 - 25 

keV. APXS instrument onboard Chandrayaan-2 will carry six number of 244Cm alpha 

sources with ~ 5 mCi activity each [99]. This is the first time such measurement is 

planned, though the Chang’e-3 APXS was flown in 2013, but carried only X-ray sources 

and hence only XRF measurements were carried out. Earlier in-situ measurements were 

carried out on the lunar surface in late 1960s through the detection of back scattered 

alpha particles with Surveyor lander [100]. Both the earlier and recent in-situ 

measurements were carried out in the equatorial region of the Moon. APXS onboard 

Chandrayaan-2 rover will study the lunar surface in the high latitude polar region for the 

first time.  

The laboratory working model of the APXS instrument has been completed and 

tested for the performance requirement to meet the science goal. The photographic view 

of the APXS package is shown in figure 3.27. APXS package consists of SDD module 

surrounded by six 244Cm alpha sources. The readout electronics is accommodated in 

three Printed Circuit Boards (PCB) which are stacked one over another. The SDD 
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module planned for this experiment will have the total active is of 40 mm2 collimated to 

30 mm2 with 450 micron thick silicon. A beryllium window of 8 micron thick is placed 

in front of the detector. 

 
Fig. 3.27: Photographic view of the functional model of APXS developed for 
Chandrayaan-2 rover mission [101]. 
  

 The developed system provides the energy resolution of ~ 150 eV at 5.9 keV 

when the SDD is cooled to ~ -40oC for the pulse peaking time of ~ 3.3 μs as shown in 

figure 3.28. 

 
Fig. 3.28: Spectra acquired from APXS working model using 55Fe X-ray source for the 
pulse peaking time of ~ 3.3 µs by cooling the SDD to -40oC.  
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3.8.5.2. Solar X-ray Monitor (XSM): 

 It is well known that the remote X-ray fluorescence spectroscopy is widely used 

to investigate the elemental composition of the atmosphere-less bodies from the orbiting 

satellite. The experiment involves measuring X-ray fluorescent spectra from the 

planetary surface and simultaneous measurement of solar X-ray spectrum is essential as 

the intensity of XRF from the planetary surface critically depends on the intensity of 

solar X-rays. In the context of Moon, this technique has been employed by several 

missions to determine the global elemental composition of the lunar surface. However, 

so far the global elemental composition could not be obtained due to various reasons. So 

therefore, it is planned to continue the remote X-ray fluorescence spectroscopy 

experiment onboard Chandrayaan-2. There are two separate instruments are required for 

this purpose. The lunar X-ray observations will be carried out by Chandra Large Area 

Soft x-ray Spectrometer (CLASS) experiment (developed at ISRO Satellite Centre, 

Bangalore); whereas the solar X-ray observations will be carried out by Solar X-ray 

Monitor (XSM) which is being developed at Physical Research Laboratory (PRL). 

Solar X-ray Monitor onboard Chandrayaan-2 orbiter is designed to provide high 

resolution real time solar X-ray spectrum in the energy range of 1–15 keV. The 

laboratory working model of the payload has been completed. XSM is designed with two 

packages namely XSM sensor package and XSM processing electronics package. The 

photographic view of XSM sensor package is shown in figure 3.29. The laboratory 

working model of the XSM instrument provides the energy resolution of ~ 200 eV at 5.9 

keV for the pulse peaking time of 0.8 μs when the SDD is cooled to -40oC [48] as shown 

in figure 3.30. 
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Fig. 3.29: Photographic view of the functional model of XSM sensor package [102]. 

 

 
Fig. 3.30: Spectra acquired for 55Fe source for the pulse peaking time of 0.8 μs by 
cooling the SDD to ~ -40oC. 
 

3.8.6. The Large Observatory For X-ray Timing (LOFT) Mission: 

 The large Observatory For X-ray Timing (LOFT) is one of the ESA’s space 

mission devoted for the observation of Galactic and extra-Galactic sources in the X-ray 

domain. This is a medium sized space mission planned by ESA within the contest of the 

Cosmic Vision Program 2015 - 2025. The LOFT mission is slated to be launched in the 

year 2022 into a low Earth equatorial orbit. The LOFT instrument comprises of Large 

Area Detector (LAD) and a Wide Field Monitor (WFM). 
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 The LAD instrument is a non-imaging instrument and will be used for pointed X-

ray observations in the energy range of 2 - 30 keV. LAD instrument uses large number of 

large area SDDs, configured with six panels having 21 modules each [103, 104]. Each 

module consists of 16 SDDs giving total sensitive area of ~ 76 cm2. A total of 2016 

detectors are used for LAD instrument giving the total geometric area of 18 m2. The 

schematic view of the LOFT mission is shown in figure 3.31. 

  
Fig. 3.31: Conceptual scheme of LOFT mission [103]. 
 

 The SDDs used in the LAD - LOFT mission provides the energy resolution of ~ 

200 eV at 6 keV for the detector operating temperature of - 10oC and will carry out the 

measurements for ~ 4.25 years in the low Earth orbit.  

 

3.9. COMPARISON OF SDD BASED X-RAY SPECTROMETERS 

FLOWN/PLANNED IN VARIOUS SPACE/PLANETARY MISSIONS: 

 Table-3.3 gives comparison of SDD based X-ray spectrometers flown/planned in 

various space/planetary missions. 
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Table-3.3: Comparison of SDD based X-ray spectrometers flown/planned in the 
space/planetary missions. 
Mission and 

year  

Scientific 

objective 

SDD 

specification 

Energy 

resolution 

References Remarks 

Mars 

Exploration 

Rover 

(MER), 

2003 

Elemental 

composition 

of Martian 

surface for 

both light and 

major 

elements 

SDD with 

active are of 

10 mm2, 

covered with 

5 micron 

thick Be 

window 

160 eV at 

5.9 keV,  

-35oC 

Rieder et 

al., 2003, 

Gellert et 

al., 2006. 

Carried 6 

numbers of 
244Cm alpha 

sources with 

total activity 

of 30 mCi 

Mars 

Science 

Laboratory, 

2012 

Elemental 

composition 

and also trace 

elements on 

the Martian 

surface 

SDD with 

active are of 

10 mm2, 

covered with 

5 micron 

thick Be 

window 

150 eV at 

5.9 keV,  

-15oC 

Gellert et 

al., 2009, 

Cambell et 

al., 2012. 

Carried 6 

numbers of 
244Cm alpha 

sources with 

total activity 

of 30 mCi 

Rosetta 

PHILAE 

lander 

mission, 

2004 

Elemental 

composition 

of comet 

67P/Churyu

mov-

Gerasimenko 

SDD with 

active are of 

10 mm2, 

covered with 

5 micron 

thick Be 

window 

180 eV at 

5.9 keV,  

-40oC 

Klingelhofe

r et al. 2007 

Carried 6 

numbers of 
244Cm alpha 

sources with 

total activity 

of 30 mCi 

Chang’e-3, 

2013 

Elemental 

composition 

of lunar 

surface 

SDD with 

active are of 

7 mm2, 

covered with 

2 micron 

thick Be 

window 

135 eV at 

5.9 keV,  

-30oC 

X. H. Fu et 

al., 2014. 

Carried X-

ray sources, 

4 numbers of 
55Fe (70 mCi 

each) and 4 

numbers of 
109Cd (5 mCi 

each) 

 APXS -  150 eV at Shanmugam Six number 
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Chandrayaa

n-2, 2017 

Elemental 

composition 

of high 

latitude lunar 

surface 

 

 

SDD with 

active are of 

30 mm2, 

covered with 

8 micron 

thick Be 

window 

5.9 keV, 

peaking 

time 3.3 

μs, -40oC 

et al., 2013 of 244Cm 

with total 

activity ~ 30 

mCi 

XSM – To 

measure the 

high 

resolution 

solar X-ray 

spectrum 

200 eV at 

5.9 keV, 

peaking 

time 0.8 

μs, -40oC 

Santosh et 

al., 2013 

55Fe 

calibration 

source 

planned with 

activity of ~ 

50 μCi 

LOFT 

mission, 

2022 

Astronomical 

observation 

of Galactic 

and extra-

Galactic 

sources 

Total area of 

18 m2 Each 

SDD 1 sqr. 

Inch 

200 eV at 

6 keV,  

-40oC 

Del Monte 

et al., 2014 

 

 

 

- 

 

3.10. SUMMARY: 

 This chapter briefly describes about the invention of SDD from sideward 

depletion concept and its working principle. Though the SDD concept was invented in 

1984, the first spectroscopy grade SDD was available only in late 1990's. Since then, lot 

of research has taken place in this field producing the SDDs in various forms, types and 

sizes, which are available for research and commercial applications. This chapter also 

briefly describes about all the SDD types with merits and demerits and the selection of 

the suitable SDD for the Chandrayaan-2 experiments. The use of SDDs in the 

space/planetary missions by various space agencies is also described.  
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Chapter 4:  

DESIGN AND PERFORMANCE EVALUATION OF SDD 

BASED X-RAY SPECTROMETER 

 

 The use of Silicon Drift Detector (SDD) based X-ray spectrometers are gaining 

importance in most of the space/planetary missions due to its superior spectroscopic 

performance. Several planetary missions [95-98] have employed SDD based X-ray spectrometer 

to measure the X-ray fluorescence from the planetary surfaces. The SDD based X-ray 

spectrometers are also planned for the upcoming Indian Chandrayaan-2 mission to detect X-ray 

fluorescence [99] from the lunar surface onboard rover and also incident solar X-rays [102] from 

the orbiting satellite. The SDD based X-ray spectrometer has been developed using commercial 

version of the space qualified components and successfully demonstrated the performance 

characteristics that meets the desired scientific goals for the spectrometers onboard Chandrayaan-

2 mission. In the actual payload, these components will be replaced with qualified ones. 

 SDD based X-ray spectrometers are commercially available for laboratory/field 

experiments which are designed with Commercial Off-The-Shelf (COTS) components. 

These instruments are not space worthy and are not designed to survive very hostile 

space environment such as radiation, large temperature excursions and high vacuum 

conditions. These instruments are not designed to survive the satellite launch loads and 

design must have low mass and high strength. Hence it is essential to design a custom 

SDD based X-ray spectrometer using space qualified components with required quality 

levels to meet the scientific requirement as well as can survive the hostile space 

environment. For all these reasons “Space instruments are custom-designed, one-of-a-
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kind and building such unique instrument depends on the mission and the instrument 

configuration required for the given scientific application”. As a part of this research 

activity, SDD based X-ray spectrometer has been developed and shown that the 

developed X-ray spectrometer provides energy resolution of ~ 150 eV at 5.9 keV when 

the SDD is cooled to -40oC for the pulse shaping time of ~ 3.3 µs. The developed 

instrument is configured for two different applications onboard Chandrayaan-2 mission 

as described in the following subsections. 

 

4.1. OBJECTIVES AND SPECIFICATIONS OF APXS:  

 The major scientific objective of the Alpha Particle X-ray Spectrometer (APXS) 

onboard Chandrayaan-2 rover is to analyze several rocks/soil samples for the major 

elemental composition around the landing site by irradiating the sample surface with 

radioactive source (244Cm, alpha source) and measuring the X-ray fluorescence [99]. 

This measurement gives the quantitative elemental composition. Typically, most of the 

planetary bodies expected to have major rock forming elements as listed in table-4.1 with 

their characteristic X-ray emission line. 

 

Table-4.1: List of major rock forming elements expected on the Moon with their 
energies. 

Element Energy 

Mg 1.24 keV 

Al 1.49 keV 

Si 1.74 keV 

Ca 3.69 keV 

Ti 4.51 keV 

K 3.31 keV 

Fe 6.49 keV 
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 From table-4.1, it is clear that the low energy threshold requirement of the APXS 

instrument should be well below 1 keV to unambiguously detect 1.24 keV Mg line. Most 

of the major elements are covered within the energy range of 1-8 keV, but there may be 

some minor elements (Strontium, Yttrium and Zirconium) above 8 keV which may be 

present at the lunar surface. The APXS instrument has therefore been designed to cover 

the energy range up to 25 keV. The energy resolution requirement of the APXS should 

be better than 200 eV to resolve the closely space lines such as Mg-Al-Si with energy 

difference of ~ 250 eV. However, we aim to achieve the best possible energy resolution 

with a low noise system design by using discrete space qualified electronic components 

based readout electronics. The design of the APXS instrument is aimed to meet the 

specification listed in the table-4.2. The design and the performance details are described 

in the subsequent subsections.    

 

Table-4.2: APXS instrument specifications. 

Parameters Values 

Detector area/thickness SDD with 30 mm2, 450 micron thick 

Energy range 1-25 keV 

FWHM at 5.9 keV ~ 150 eV 

Detector operating temperature -40oC 

Radioactive source, Activity  244Cm, 30 mCi 

Integration time 1 hour to few hours* 

  

*Integration time would depend on the location and final configuration of sensor 

package mounting.  
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4.2. OBJECTIVES AND SPECIFICATIONS OF XSM: 

 The primary objective of Solar X-ray Monitor (XSM) is to provide the real time 

measurement of solar X-ray spectrum for quantitative interpretation of the lunar X-ray 

fluorescence spectra obtained by the companion instrument Chandra Large Area Soft X-

ray Spectrometer (CLASS). Data from both instruments are essential to obtain the global 

elemental composition of the Moon from the lunar orbit. XSM instrument will accurately 

measure the solar X-ray spectrum in the energy range of 1-15 keV. It is well known that 

the intensity of the solar X-rays is highly variable in time and can reach ~ 106 

counts/s/mm2 for large class (X-class) flares. The intensity of solar X-rays can increase 

by orders of magnitude within a minute. One of the major challenges of the XSM design 

is to accommodate dynamic variation in the count rate and maintaining the sensitivity 

requirement at small class flares. Hence, it is essential to choose the optimal pulse 

shaping time for the readout electronics to accommodate the desired count rates with 

good energy resolution. The energy resolution desired for the XSM instrument is 

targeted at ~ 200 eV at 5.9 keV for the count rates close to 105 counts/s. During large 

class flare conditions, the incident count rate on the SDD is limited to < 105 counts/s 

using a 250 micron thick beryllium window which is mounted on a motor based 

mechanism [102]. Specifications of the XSM instrument are given in table-4.3. 

 

Table-4.3: XSM instrument specifications. 

Parameters Values 

Detector area/thickness SDD with 30 mm2, 450 micron thick 

Aperture 0.2 mm2 

Energy range 1-15 keV 

FWHM at 5.9 keV 200 eV 

Detector operating temperature -40oC 
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Count rate up to 105 counts/s 

Spectral data integration time 1 second 

 

4.3. DESIGN OF SDD BASED X-RAY SPECTROMETER: 

 The spectrometer system design consists of front-end electronics and FPGA 

(Field Programmable Gate Array) based data acquisition system interfaced with 

computer through Universal Serial Bus (USB) for data readout and display using 

LABVIEW software. The USB based interface and the LABVIEW software are 

developed for ground testing. The LABVIEW software also simulates the spacecraft in 

receiving the serial spectral data from FPGA and also in providing necessary commands 

for the payload operation. The block schematic of the spectrometer system design is 

shown in figure 4.1. It is divided into two parts namely Front-End Electronics (FEE) and 

FPGA based control, readout and signal conditioning system. 

 
Fig. 4.1: Block schematic of the SDD based spectrometer system design [105]. 
  

 The Front-End Electronics consists of Charge Sensitive Pre-Amplifier (CSPA), 

Shaping amplifier with base line restorer and High Voltage (HV) bias generator circuits 

interfaced with the SDD detector module. The FPGA based control, data acquisition and 
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signal conditioning system consists of programmable FPGA interfaced with reference 

generator, peak detector and A/D converter. The reference generator provides a reference 

signal to FPGA on occurrence of X-ray interaction with the SDD. FPGA initiates the 

analog signal peak detection and A/D conversion on occurrence of the reference signal 

and makes the spectrum [105]. The spectral data is acquired by the LABVIEW software 

through USB interface in the computer. 

 The FEE electronics and the peak detector designs are similar for both APXS an 

XSM instruments. In case of APXS, serial 12 bit ADC is planned due to low count rate 

of X-ray fluorescence expected from the lunar surface and a common FPGA will be 

shared by all the subsystems on the rover. In case of XSM, 12 bit parallel ADC is 

planned and the spectra will be made using 10 bit data from the ADC which is good 

enough to achieve the targeted energy resolution of ~ 200 eV at 5.9 keV. This reduces 

the onboard memory requirement by 4 times. The developed spectrometer system uses 

commercial equivalent of the space qualified components except FPGA. The FPGA used 

in the design is programmable FPGA and the FPGA planned for the XSM instrument is 

one time programmable device and it is selected due to its space quality and heritage. 

Design of individual subsystem is described in detail in the following subsections. 

 

4.3.1. SDD Module for Chandrayaan-2 Instruments: 

 As discussed in chapter-3, the choice of the X-ray detector for the desired energy 

range of APXS and XSM instruments essentially comes from silicon detector family i.e., 

Silicon Drift Detector (SDD). The X-ray spectrometers onboard Chandrayaan-2 uses 

SDDs with active area of 30 mm2 with 450 micron thick silicon.  These detectors are 

available in the form of modules and are procured from KETEK, GmbH due their space 

heritage in the recent Mars missions [106]. These SDD modules consist of SDD chip, 
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JFET, charge integration feedback capacitor, reset diode, temperature sensor diode and 

Peltier cooler. In these modules, JFET, feedback capacitor and the reset diode are 

external to the SDD chip in die form and are mounted inside module close to the SDD 

anode. The Schematic and photographic view of the SDD module is shown in figure 4.2 

and figure 4.3.  

 
Fig. 4.2: Schematic view of SDD module [71](Courtesy KETEK, GmbH). 
 

 
Fig. 4.3: a) Photographic view of 40 mm2 area SDD module, b) Internal view (right) [85] 
(Courtesy KETEK, GmbH). 
 

 The SDD module is provided with 12 pins for necessary electrical interfaces and 

the internal electrical interconnection diagram of SDD module is shown in figure 4.4. 

These SDD modules are encapsulated with tungsten shield and the front face of the 

detector is covered with think 8 µm thick Dura Be window, which allows the X-rays to 

penetrate. The SDD efficiency at lower energies, < 1 keV is determined by the thickness 

of Be window and the shallow back contact of the SDD. 
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Fig. 4.4: Internal electrical interconnection diagram of SDD module [85] (courtesy 
KETEK, GmbH). 
 

 The efficiency curve for 8 µm thick Dura Be window is shown in figure 4.5. 

Internal to the SDD module, there is a circular Zr collimator with a opening of 4.5 mm2 

that reduces the probability of split events at the edges of the sensitive area.  

 
Fig. 4.5: Transmission efficiency of the 450 micron thick SDD with 8 μm Dura Be 
window. 
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 By the choice of the material, undesired fluorescent lines are avoided. The SDD 

module also has metallic body made of kovar with M4 threaded rod for its mounting and 

also heat removal. A suitable mechanical interface needs to be provided to drain out the 

heat from the hot junction of the Peltier cooler when the detector is cooled to lower 

operating temperatures. These SDD modules are commercially available in a standard 

TO-8 package with a diameter of 15 mm and a height of 16 mm. The housing is hermetic 

vacuum sealed and also tested for leakage with specification MIL 883C meth. 1014. The 

X-ray window being an 8 μm Dura Be foil mounted on a Zr collimator. The specification 

of the 30 mm2 area SDD module is given in table-4.4. Table-4.5 gives the electrical 

characteristics of the SDD module with min, max and typical values for all the I/O pins. 

 

Table-4.4: Specifications of the SDD module planned for Chandrayaan-2 mission. 
S. No Parameter Values/components 

1 Area 30 mm2 

2 Absorption Depth 450 μm 

3 Windows 8 μm Be (with 1 micron thick Dura Coat) 

4 Cooling Performance ΔT > 70 K 

5 HV (R1, RX and RBACK) -20 V, -130 V and -60 V 

6 Peltier Element 4 V, 1 A 

7 Temperature Monitor Thermister, 10 KΩ at 20oC 

 

Table-4.5: Electrical characteristic of the SDD module. 
Parameter Minimum Typical Maximum Tolerance Unit 

Voltages 

R1 -25 -20 -5 ±1 V 

RX (R18) -160 -130 -80 ±5 V 

RBACK -100 -65 -35 ±2 V 

FET-Bulk -7 -4 -2 ±1 V 

Drain 1 3 4 ±0.1 V 
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Currents 

R1 5 10 20 ±5 µA 

RX (R18) 5 10 20 ±0.1 µA 

RBACK <1 1 2 ±0.1 nA 

Drain 2 3 4 ±0.1 mA 

Temp. sensor 0.1 1 5 ±0.1 µA 

Peltier cooler (Thermo Electric Cooler-TEC) 

SDD at -35oC, Heat sink at 20oC 

Voltage 1.6 1.7 1.8 ±0.1 V 

Current 250 300 350 ±10 mA 

Maximum possible cooling to SDD, Heat sink at 20oC 

Voltage 3 3.3 3.6 ±0.1 V 

Current 600 650 700 ±10 mA 

Sensitivity 

Gain  0.9  ±30% mV/keV 

 

The detector has to be reset by a pulse of 1 V amplitude having pulse width of 1 μs.  

 

4.3.2. Charge Readout Techniques: 

The charge carriers (e-h pairs) induced in the active volume of the detector are 

collected in the detector electrodes by applying suitable reverse bias voltage across them. 

The number of e-h pairs created in the active volume of the detector depends on the 

incident photon energy and the energy required to create one e-h pair. The total charge is 

given in equation (4.1) 










i
s

EeQ         (4.1) 

 where Qs is the total charge, Ei is the incident photon energy, ε is the energy 

required to create one e-h pair (3.6 eV for Si detector) and e is the charge of the electron. 
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The signal output from the semiconductor detector is usually a short current pulse whose 

duration varies from pico seconds to micro seconds based on the detector material and 

size. The deposited energy is proportional to the total charge which is the integration of 

the current pulse over a period of time which is given in equation (4.2) 

dttiQE ssi )(        (4.2) 

 The rise time of the signal at the input of charge readout amplifier with input 

resistance of Ri and capacitance of Ci with the detector capacitance of Cdet, gives the 

voltage pulse Vin, which is given by (4.3) 

i

s
in CC

QV



det

        (4.3) 

 The signal current from the silicon detector is feeble, which is of the order of fA 

for the incident photon energy range of 1-25 keV. It will be practically difficult to detect 

such a small signal using voltage sensitive or current sensitive amplifiers. Over and 

above, the capacitance associated with the detector will vary with the applied bias 

voltage and the operating temperature etc. leads to additional calibration requirement for 

each sensitive parameters. It is desirable to have a charge readout system which is 

independent of the sensor parameters. This could be achieved by means of charge 

sensitive amplifier. Charge sensitive pre-amplifiers (CSPA) are usually the best choice 

when designing readout circuitry for pulse detectors. The CSPA design offers low noise, 

stability, and their integrating nature provides an output proportional to the total charge 

flowing from the detector during the pulse event. It is for these reasons that the charge 

sensitive preamplifiers are usually adapted in radiation detection applications, where the 

individual pulses need to be measured with high precision. The output voltage pulse 

amplitude is proportional to charge integrating capacitor in the feedback path of the 

amplifier and independent of any variations in the detector characteristics. The schematic 
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representation of charge generation, collection and signal formation is shown in figure 

4.6. The basic configuration of a charge sensitive amplifier is shown in figure 4.7. 

 
Fig. 4.6: Charge collection and signal integration, a) Velocity of charge carriers, b) Rate 
of induced charge on sensor electrodes, c) Signal charge. 

 
Fig. 4.7: Basic charge sensitive amplifier configuration. 

 

It consists of an inverting amplifier with voltage gain -A and a feedback capacitor 

Cf connected between the input and output. For simplicity, assuming that the amplifier 

has infinite input impedance and hence no current flows into the amplifier.  The voltage 

at the amplifier output is -AVi for the input voltage Vi and the voltage across the feedback 

capacitor Cf is given by equation (4.4) and the charge deposited on Cf is Qf = Cf Vf = Cf 

(A+1)Vi. Due to high input impedance of the amplifier, the total input charge Qi gets 

integrated into the feedback capacitor which is Qf = Qi. 

  if VAV 1         (4.4) 
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 The input capacitance appears at the amplifier is given by (4.5)  

 1 AC
V
QC f

i

i
i        (4.5) 

 The voltage signal at the output of the amplifier per unit input charge is given by 

(4.6) 

ii

i

i

o
Q VC

AV
dQ
dVA         (4.6) 

fCA
A 1

1



  

for the amplifier gain A>>1, the gain of the charge sensitive amplifier will be  

f
Q C

A 1
  

 So, the gain of the charge sensitive amplifier is determined by the value of 

feedback capacitor. The charge sensitive amplifier is the first amplifier stage in the 

detector readout system and hence called as charge sensitive pre-amplifier (CSPA). 

There are two types of CSPAs differing mainly in the method used to discharge the 

feedback capacitor, they are 

1. RC feedback type CSPA 

2. Reset type CSPA  

  

RC feedback type CSPA: 

 In RC feedback type CSPA, a very high value resistor is connected across the 

feedback capacitor to discharge the charge stored in the feedback capacitor. The 

schematic representation of RC feedback type CSPA is shown in figure 4.8. The RC 
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feedback type CSPA is generally used for low count rate applications due to larger RC 

(RfCf) time constant in the feedback path which results in pulse-pileup at high count 

rates. The feedback resistor in the RC feedback type CSPA introduces intrinsic noise in 

the signal current resulting in poor energy resolution.  

 
Fig. 4.8: Schematic representation of RC feedback type CSPA. 
 

Reset type CSPA: 

The reset type CSPA eliminates the shortcomings of RC feedback type by using 

an active reset switch across the feedback capacitor. The charge due to the photon 

interacting with the detector and the detector leakage current gets integrated into the 

feedback capacitor and the feedback capacitor is discharged before it reaches the 

saturation and the process repeats. Hence the output of the reset type CSPA will be in the 

form of ramp signal. When there is no photon interacting with the detector, the ramp 

signal will be smooth and a step pulse appears in the ramp when photon interaction takes 

place. The schematic representation of reset type CSPA with a typical output wave form 

is shown in figure 4.9. When there is no photon interacting with the detector, the ramp 

frequency depends on the detector leakage current. The ramp signal frequency increases 

with energy of the photons interacting with the detector and also on the rate of 

interaction.  
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The charge reset can be of two types; self reset and pulse diode reset. SDDs with 

on-chip FET uses either self reset or pulse reset techniques to discharge the charge 

collected at the anode. SDDs with discrete FET generally uses pulse diode reset to 

discharge. The self reset technique was first introduced in 1970 [107] and 1972 [108] 

even before the invention of SDD technology. In this method, the discharge of integrated 

charge is done by means of impact ionization due to accelerated charges carriers in the 

channel of the FET amplifier. 

 
Fig. 4.9: Schematic representation of reset type CSPA with typical output signal. 
 

The same technique is adapted in the SDD detector readout which does not 

require any additional components for the discharge. With this reset technique, by 

operating the FET in source follower voltage amplifier mode [74, 76, 77, 79, 109, 110], 

it has been observed that there is a degradation in the energy resolution with increase in 

the incident X-ray rate. It is also observed that the peak energy position varies with 

operating temperature. Using the same self reset technique, operating the FET amplifier 

in charge sensitive mode [74, 109, 111-113], and the temperature dependence of energy 

position shift is minimized but the degradation in the energy resolution is still observed.  
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 Alternately, a pulse diode reset technique [79, 112] was introduced and in this 

method, a positive pulse of very short duration is provided to the anode of the diode 

which discharges the integrated charge in the feedback capacitor. The discharge was 

carried out with pulse reset frequency of 1 kHz and shown that energy resolution is 

stable with higher rates of incident radiation compared to self reset method. In recent 

times, the pulse reset type uses automated feedback circuit which provides reset pulse 

before the ramp signal output reaches the saturation level.  

 The self adapting discharge mechanism removes the charge at the detector anode 

continuously resulting in increase of noise associated with the reset current at high count 

rates, where as the pulse reset technique removes the charge at selected time phases. This 

leads to minimal degradation in the energy resolution and peak position shift at high 

incident X-ray rates as compared to self adapting discharge mechanism [79]. The change 

in the energy resolution and the peak energy position with count rate in self reset and 

pulse reset modes are shown in figure 4.10 and figure 4.11 [79].  

 
Fig. 4.10: Energy resolution measured for various count rates in self reset and pulse reset 
modes [79]. 
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Fig. 4.11: Change in the peak energy position as a function of count rate with pulse reset 
and self reset modes [79]. 
 

 By operating the SDD with discrete or on-chip FET in charge sensitive 

configuration and pulse reset discharge mode, one can achieve stable energy resolution 

and peak energy position for the count rates greater than 105 counts/s. The SDD modules 

planned for Chandrayaan-2 is configured with reset diode for discharge and with a 

discrete FET at the input inside the SDD module. 

 

4.3.3. Design of Charge Sensitive Pre-Amplifier (CSPA): 

 The block schematic of the developed charge sensitive pre-amplifier along with 

SDD is shown in figure 4.12. The first stage of the charge sensitive pre-amplifier is the 

charge to voltage conversion amplifier, where the internal FET is operated in common 

source configuration. The internal charge storing capacitor is connected in the feedback 

path which determines the gain of the charge to voltage conversion amplifier. The output 

of the charge to voltage conversion amplifier is connected to gain amplifier to provide 

additional gain to the feeble signal which is of the order of < 1 mV/keV. 
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Fig. 4.12:  Block schematic of pulse reset type Charge Sensitive Pre-Amplifier (CSPA) 
design [105]. 
 

 The feedback capacitor integrates the leakage current and also the current pulses 

due to photon interaction. The charge integrated in the form of ramp signal and the 

charge should be removed before the amplifier attains the saturation limits. To generate 

the reset pulses to remove the charge in the feedback capacitor, the output of the gain 

amplifier is fed to Schmitt trigger based reset pulse generator which provides reset pulses 

when the ramp signal amplitude crosses the set threshold limit. The duration of the reset 

pulse is set ~1 µs which is fed to the reset diode to discharge the charge stored in the 

feedback capacitor. The selected operational amplifier device for the CSPA design is 

AD829 which has wide bandwidth of ~ 28 MHz, low input noise 4 nV/√Hz and high 

slew rate of 230 V/µs. The Schmitt trigger is made using comparator LM311. The ramp 

signal frequency at the output of the CSPA will depend on the magnitude of the leakage 

current generated by the SDD in the absence of any photon interacting with the detector. 

One such ramp signal recoded in the cathode ray oscilloscope (CRO) is shown in figure 

4.13. In the presence of photon interactions, the ramp signal frequency varies with 

energy and rate of photon interacting with the detector. Each photon interaction appears 
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as step voltage pulse on the ramp and the magnitude of the step pulse is proportional to 

the incident photon energy as shown in figure 4.14.    

 
Fig. 4.13: CRO screen shot of a CSPA output which is in the form of ramp signal in the 
absence of photon interaction when the SDD is cooled to -40°C. The ramp signal 
amplitude is electronically set between -2 V to 4 V [105]. 
  

 
Fig. 4.14: CRO screen shot of CSPA output showing step pulses indicating the 
interaction of X-ray photons for the SDD operating temperature at -40°C [105]. 
  

 The step pulse amplitude at the output of charge to voltage conversion amplifier 

of CSPA (first stage of CSPA) is ~ 0.74 mV/keV (assuming the value of Cf is ~ 60 fF) 

and at the final output of CSPA is ~ 5 mV/keV. Application Specific Integrated Circuit 

(ASIC) based charge readout ICs have been developed in recent times [114-116] and 
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shown to provide the energy resolution of ~ 140 eV at 5.9 keV. Recently, a CMOS based 

ASIC has been developed [81] which is integrated along with the SDD module and 

shown to provide the energy resolution of ~ 125 eV at 5.9 keV.  

 

4.3.4. Shaping Amplifier: 

 Shaping amplifier is generally used following the CSPA stage which performs 

three functions. First, the shaping amplifier provides an output pulse with faster return to 

the baseline than the CSPA which has peak to baseline return time of ~ few tens of micro 

seconds. This is especially important at high count rates, where pulses from consecutive 

events can ‘pile up’. Secondly, the shaping amplifier filters the noise from the 

preamplifier output signal by reducing the signal bandwidth as desired for the 

application. Finally, the shaping amplifiers also provide necessary gain to amplify the 

signal from CSPA which is very small (few mV/keV). Shaping amplifier is a 

combination of high pass and low pass filter amplifiers which reduces the signal 

bandwidth and thereby improves the signal to noise ratio and also provides necessary 

gain to match the analog to digital converter (ADC) range. The output of the shaping 

amplifier will be in the form of semi-Gaussian pulse and one can get close to Gaussian 

pulse shape by increasing number of low pass filter amplifiers in the design. 

 The shaping amplifier is designed with three stage amplifier, first stage is CR 

high pass filter amplifier which defines the desired fall time of the signal with C1R1 time 

constant. It is represented by the equation (4.7) 

d

t

ind eVV 


         (4.7) 

 where Vd is the signal amplitude at the output of the C1R1 differentiator and τd is 

the differentiator time constant. The amplifier after CR stage is known as CR amplifier 



113 
 

providing suitable gain to output signal having fast rise time. The output of the CR filter 

amplifier is given to two stage RC low pass filter amplifiers with time constants of R2C2 

and R3C3 respectively. The two stage RC filter amplifier defines the rise time or peaking 

time of the pulse. The equation for one stage RC filter is given in equation (4.8) 














i

t

di eVV 1        (4.8) 

 Assuming the CR differentiator and RC integrator time constants are equal i.e., τd 

= τi = τ, then the equation becomes (4.9) 




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
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 The output of the CR-RC type shaping amplifier with step input for τd = τi is 

shown in figure 4.15.  

 
Fig. 4.15: Simulated shaping amplifier output for equal CR-RC time constants. 
 

 To get the shaping amplifier output close to Gaussian, the number of RC stages 

has to be increased and the equation becomes (4.10) 





tn
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


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

         (4.10) 



114 
 

 where n is the order of RC integrator stages and the shaping amplifier output for 

one stage CR filter and number of RC filters is shown in figure 4.16. 

   
Fig. 4.16: Simulated shaping amplifier output with one CR and multiple RC stages. 
  

 The shaping amplifier has been designed using AD829 op-amp with three stage 

CR-(RC) 2 type (5 pole) shaping. Increasing the number of RC stages will increase the 

hardware complexity substantially and hence limited to two stage RC filters. The block 

schematic and the output waveform are shown in figure 4.17 and figure 4.18. The 

shaping amplifier gain is decided based on the energy range covered by the spectrometer.  

 
Fig. 4.17: Block schematic of CR-(RC) 2 type shaping amplifier. 
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Fig. 4.18: Ramp signal – input to shaping amplifier (above), Shaping amplifier output for 
four signal pulses with different amplitudes (below). 
 

 The shaping time requirement is decided based on the energy resolution versus 

count rate. In case of APXS, the expected XRF count rate is very small and hence we 

decided to have shaping time of ~ 3.3 µs to achieve the best possible energy resolution of 

~ 150 eV at 5.9 keV. In case of XSM, it is planned with ~ 0.8 µs shaping time to 

accommodate count rates of ~105 counts/s with energy resolution of ~ 200 eV at 5.9 keV. 

 

4.3.5. Pole-Zero Compensation: 

 The signal output from the CSPA is in the form of step (reset type CSPA) or 

decay pulse with longer fall time (RC feedback type CSPA). When the step signal output 

is passed through the CR filter, the exponential decay pulse superimposed on the shaper 

output resulting in undershoot and hence degradation in the energy resolution due to 

baseline variations. Shaping amplifier has been designed by incorporating pole-zero 

compensation by adding a resistor RPZ across the series capacitor C1 which is part of CR 
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high pass filter as shown in figure 4.17. The value of RPZ is decided based on the shaping 

time constant of the shaping amplifier circuit. The resistor RPZ is essential to maintain the 

base line due to undershoot. Under compensated or overcompensated design will distort 

the signal amplitude resulting in poor energy resolution.  

 

4.3.6. Base Line Restorer: 

 Shaping amplifier also incorporates Base Line Restorer (BLR) which is essential 

to hold the base line when the design is used in high count rates as in the case of XSM. It 

is well know that, at high count rates, the shaping amplifier signal output goes down 

below the base line due to the occurrence of adjacent pulse before the settling time of the 

earlier occurred pulse. The magnitude of the base line shift is based on the incident 

photon rate and the energy of the photons. The AMPTEK make BLR1 is used in the 

design and it is connected in the feedback path between third and first stage of the 

shaping amplifier as shown in figure 4.17. BLR1 is a wide bandwidth trans-conductance 

amplifier with trans-conductance of ~17 mA/volt. It amplifies both the DC baseline 

component and the pulse component by a large factor with output connected to low 

resistive load of 20 kΩ, providing voltage gain at the amplifier output of ~ 340. This 

output is then passed through the low pass filter which is fed to the input chain of the 

shaping amplifier to minimize the base line shift at the output of the amplifier chain. 

 

4.3.7. High Voltage Bias Generation for SDD: 

SDD requires three high voltages for it operation on the terminals namely outer 

ring R18 (RX), inner ring adjacent to anode R1 and back contact RBACK. The high voltage 

bias and the filtering requirement are listed in the table-4.6. 



117 
 

 

Table-4.6: SDD HV bias voltage, current and filtering on each HV lines. 
SDD Ring Typical voltage, current Filter requirement 

R1 Voltage, Current -20 V ± 1V, 10 μA 15 kΩ, 220 nF 

R18 (RX) Voltage, Current -130 V ± 5V, 10 μA 500 kΩ, 47 nF (250 V) 

RBACK Voltage, Current  -60 V ± 2V, < 1 nA 1 MΩ, 47 nF (250 V) 

 

 The schematic representation of the high voltage bias pin locations on the SDD 

module and the filter connections are shown in figure 4.19.      

 
Fig. 4.19: Schematic representation of SDD with HV bias filtering requirement 
[Courtesy KETEK GmbH]. 
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 These high voltage biases are generated using a voltage multiplier based circuit 

having eleven stages of voltage multiplication with first stage being RC oscillator with 

frequency of about 100 kHz. Block schematic of the HV bias generation circuit is shown 

in figure 4.20.  

 

Fig. 4.20: The block schematic of HV generation circuit. 
 

 Each stage of the voltage multiplier uses Schmitt trigger buffer with diode-

capacitance combination for voltage multiplication. Hex Schmitt trigger inverter 

CD40106 IC is used for this purpose and the voltage multiplication is carried out with 15 

V bias input. Three different voltages required for SDD operation are derived using 

resistive voltage divider. 

 

4.3.8. Event Trigger Generator: 

Event trigger generator is designed to provide indication of X-ray interaction with 

the detector to the digital electronics to initiate the peak detection, analog to digital 

conversion and further signal processing. This is done by feeding the shaping amplifier 

output to a fast voltage comparator, AD8561 which has fast rise time of 7 ns. The 

waveform representing the generation of event trigger is shown in figure 4.21.  
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Fig. 4.21: Event trigger generation sequence. 
 

 By setting appropriate threshold voltage level to the comparator, the base level 

noise can be cut-off and any signal pulse above the set threshold level generates the 

event trigger and hence detected as valid pulse to build the spectrum. 

 

4.3.9. Peak Detector: 

 The energy of the incoming X-ray photon is determined by the peak amplitude of 

the shaping amplifier. Peak detector is therefore essential to hold the peak signal voltage 

amplitude of the signal from the shaping amplifier to convert it into digital value for 

further signal processing. The AMPTEK make peak detector PH300 is used in this 

design which is available in the form of hybrid module and it has been used in many 

space missions. Peak detector PH300 is having the following features 

1. Low droop rate (10 nV/ms) 

2. High speed (250 ns rise time) 

3. Low power consumption (36 mW) 
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4. Fast discharge 

 

 The peak detector PH300 operation is controlled through FPGA. FPGA allows 

the input signal into the peak detector as and when event trigger occurs by activating the 

GATE input. PH300 provides active low digital output PKDT indicating that the peak 

detector has detected the peak value of the input signal. On detecting the active low 

PKDT, FPGA closes the GATE and starts the analog to digital conversion process and 

data readout from the analog to digital converter (ADC). Once the conversion is over, the 

peak signal amplitude is discharged by making RAMP and DUMP signals active low and 

this is called fast discharge mode. PH300 takes ~ 1 µs for the discharge. This process 

repeats for every event and the dead time for each event conversion is the sum of pulse 

shaping time (peaking time), analog to digital conversion time, signal readout time from 

the ADC to FPGA (serial or parallel) and the peak detector discharge time (see fig. 4.22). 

 

4.3.10. Analog to Digital Converter (ADC): 

 The output of the peak detector is given to ADC to convert the analog signal into 

digital form for further signal processing. In case of APXS, serial 12 bit ADC, AD7893 

is used which is having the conversion time of ~ 6 µs. In case of XSM, 12 bit parallel 

ADC, AD7492 is planned with conversion time of ~ 880 ns. In both cases, FPGA 

initiates the conversion process and readouts the data once the conversion is over. In 

APXS, 12 bit event data is stored in the solid state recorder onboard rover and in XSM, 

the instrument uses 10 bit parallel data and makes spectrum inside the FPGA for every 

second and then transferred to space craft. 10 bit data is shown to be sufficient for the 

energy resolution of ~ 200 eV and this reduces the onboard memory requirement by 4 
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times compared to 12 bit data. The timing diagram showing analog to digital conversion 

for serial ADC is shown in figure 4.22. 

 
Fig. 4.22: Timing diagram representing signal and conversion at various stages of the 
SDD based X-ray spectrometer. 
 

4.3.11. FPGA Based Data Acquisition and Control System: 

 FPGA based data acquisition and control system consists of programmable 

FPGA A3PE1500 interfaced with reference generator, peak detector and ADC. It also 

has interfaces with computer through USB port using National Instruments make USB - 

6343 module and LABVIEW based data readout and display system. The LABVIEW 

software is for ground testing and calibration of the developed system and it also has the 

capability to provide necessary commands for the payload operation. On occurrence of 

reference pulse due to X-ray interaction with the SDD, FPGA provides necessary control 

signals to the peak detector to hold the peak signal amplitude and initiates the analog to 

6 µs 
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digital conversion. After analog to digital conversion, the FPGA reads the digital data 

and makes spectrum which is then stored in the internal memory. The spectral data is 

then transferred to the computer for every second using USB module and the LABVIEW 

software acquires and updates the spectral data for every second. It also has additional 

capabilities for estimating spectral parameters such as energy resolution (FWHM), total 

counts under the peak, peak position, energy/channel and the system linearity. The 

FPGA A3PE1500 is a programmable FPGA used for the ground development and the 

same will be replaced with qualified FPGA RTAX250 for the flight version. A sample 

LABVIEW window is shown in figure 4.23. 

 
Fig. 4.23: LABVIEW window panel used for instrument operation commanding and data 
acquisition. 
  

4.4. EXPERIMENTAL SETUP: 

 The experimental setup consists of two subsystems namely front-end electronics 

subsystem and FPGA based data acquisition and control subsystem. The photographic 

view of front-end electronics and FGPA based control and readout system are shown in 

figure 4.24 and figure 4.25.  
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Fig. 4.24:  Photographic view of the front-end electronics coupled with the SDD module 
[105]. 
 

   

Fig. 4.25:  Photographic view of FPGA based data acquisition, control system and part of 
FEE circuits [105]. 
 

4.5. CHARACTERIZATION OF THE SDD BASED X-RAY SPECTROMETER: 

 The developed SDD based X-ray spectrometer is tested for various performance 

characteristics and shown that the instrument meets the scientific requirements of the 

payloads onboard Chandrayaan-2 mission. 
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4.5.1. Energy Resolution: 

 The spectral energy resolution is measured from the developed SDD based X-ray 

spectrometer for different radioactive X-rays sources such as 55Fe, 241Am and 109Cd. The 

SDD is cooled to -40oC and shown that the spectrometer provides energy resolution of ~ 

150 eV at 5.9 keV for the pulse shaping time of ~ 3.3 µs. The combined spectrum is 

shown in figure 4.26. 

 
Fig. 4.26: Spectra obtained from the developed SDD based X-ray spectrometer for three 
radioactive X-ray sources. 
 

 The energy resolution of the developed SDD based X-ray spectrometer is 

compared with off-the-shelf SDD spectrometer procured from KETEK, GmbH and the 

spectra is shown in figure 4.27. In this case the spectrum is acquired for the pulse 

shaping time of 4 µs and the detector is cooled to -35oC. The FWHM at various X-ray 

energies for both these X-ray spectrometers are compared and shown to be closely 

matching as given in table-4.7. 
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Fig. 4.27: Spectra obtained from the commercial off-the-shelf SDD based X-ray 
spectrometer for three radioactive X-ray sources. 
 

Table-4.7: Energy resolution at different source energies obtained from developed and 
the commercial off-the-shelf spectrometers. 

X-ray line energies 5.9 keV 13.9 keV 17.8 keV 22.1 keV 

Resolution from the 

developed system 

149 eV 240 eV 269 eV 341 eV 

Resolution  from off-

the-shelf system 

147 eV 237 eV 270 eV 336 eV 

 

4.5.2. System Linearity: 

 The system linearity is verified by measuring the peak energy channel position 

for the known X-ray energies and the system is shown to have good channel to energy 

linearity. The linearity plot is shown in figure 4.28. The energy per channel is obtained 

using this linearity plot to identify the unknown energy peaks in the spectra when the 

spectrometer is used for XRF measurements. 
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Fig. 4.28: Linearity plot of peak ADC channel versus known X-ray energies. 
 

4.5.3. Dependence of Energy Resolution with Temperature: 

 The spectrometer energy resolution is measured by varying the SDD operating 

temperature from ~ 20oC to ~ -40oC by maintaining the ambient temperature at 20oC. It 

is observed that the energy resolution does not improve beyond -40oC and degrades from 

150 eV to ~ 180 eV at -10oC and to ~ 350 eV at 10oC. The change in the energy 

resolution with temperature is shown in figure 4.29. 

 
Fig. 4.29: Energy resolution versus SDD detector temperature. 
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4.5.4. Energy Resolution Versus Pulse Shaping Time: 

 As discussed earlier, the signal/noise ratio of the spectrometer improves at higher 

pulse shaping time by reducing the signal bandwidth. It is shown experimentally that the 

energy resolution improves from ~ 200 eV for the pulse shaping time of 0.8 µs, 165 eV 

at 1.2 µs to about 142 eV at 3.3 µs. The performance of the developed spectrometer 

closely matches with the commercial off-the-shelf SDD based spectrometer as shown in 

figure 4.30.  

 
Fig. 4.30: Pulse shaping time versus energy resolution. 
 

4.5.5. Spectrometer Performance at High Count Rates: 

 The spectrometer performance is tested for various incident X-ray rates using X-

ray source and X-ray gun. The performance results are discussed in the following 

subsections. 

Testing with X-ray source (55Fe): 



128 
 

 The energy resolution is measured for various X-ray count rates for various pulse 

shaping time constants to identify the suitable pulse shaping time with desired energy 

resolution and also to accommodate counts rates up to 105 counts/s. Initially the count 

rate measurement is carried out using 55Fe X-ray source by varying the distance between 

the detector and the source. The experimental setup is shown in figure 4.31. At low count 

rates, for the pulse shaping time of 0.8 µs, the observed energy resolution is about 200 

eV at 5.9 keV for the detector operating temperature of -40oC as shown in figure 4.32. 

 
 Fig. 4.31: Experimental setup for high count rate measurements using 55Fe source [117]. 
  

 
Fig. 4.32: Energy resolution measured for the pulse shaping time of 0.8 µs [117]. 
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 The energy resolution is also measured for the pulse shaping time of 1.2 µs and 

system provides the energy resolution of ~ 175 eV at 5.9 keV. For both these pulse 

shaping times, the incident X-ray rate is varied from few hundred counts to ~ 150 kcts/s. 

The spectra for various count rates for the pulse shaping time of 0.8 µs is shown in figure 

4.33.  

   
Fig. 4.33: Spectra acquired for various count rates using 55Fe X-ray source for the pulse 
shaping time of 0.8 µs [117]. 
 

 The difference in counts seen in the spectra is due to varied count rates and the 

spectra are acquired for unequal times. From this experiment, it is shown that the energy 

resolution maintained ~ 200 eV at 5.9 keV up to 70 kcts/s and varies to 350 eV at 150 

kcts/s. For the pulse shaping time 1.2 µs, the resolution is stable for the count rates up to 

40 kcts/s and changes drastically at higher count rates as shown in figure 4.34. The 

change in the peak energy position (ADC channel number) with incident count rate is 

shown to be fairly constant up to ~ 70 kcts/s for the pulse shaping time of 0.8 µs as 

shown in figure 4.35. 
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Fig. 4.34:  Measured energy resolution versus count rate [117]. 
   

 
Fig. 4.35: Change in the peak energy position (ADC channel number) for various 
incident X-ray rates using 55Fe X-ray source [117]. 
 

 The peak energy position changes < 3 ADC channels which corresponds to < 60 

eV peak energy shift. For the pulse shaping time 1.2 µs, the change in the peak energy 

position is much faster with incident rate compared to that of 0.8 µs. Based on the XSM 

specification and performance requirement, we have chosen 0.8 µs pulse shaping time 

for XSM experiment. 
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Testing with X-ray gun: 

 The spectrometer is also tested for count rates up to 230 kcts/s using X-ray gun. 

The photographic view of the experimental set up is shown in figure 4.36.  

 
Fig. 4.36: Photographic view of SDD based X-ray spectrometer testing with X-ray gun. 
 

 The experiment is carried out by fixing the X-ray gun in a aluminum fixture and 

guide which has provision to slide back and forth. The incident X-ray rate from the X-

ray gun is varied by changing the distance between the X-ray gun and the detector. X-ray 

gun provides continuum spectrum along with the energy peaks based on the target 

material used.  The count rate and the energy spectrum can be varied by varying the X-

ray gun current and the target respectively. The spectra obtained for various count rates 

using gold target is shown in figure 4.37. In the X-ray gun spectra, one can observe that 

the energy resolution is stable up to ~ 70 kcts/s and degrades at higher count rates. The 

peak energy position is also recorded for these incident rates and shown that the peak 

energy position variation is < 4 ADC channels, as shown in figure 4.38. The detected X-

ray count is also monitored at high incident X-ray rates to determine the difference 

between the incident and detected X-ray events for the dead time of ~ 3 µs. We used fast 

channel with shaping time of ~ 0.2 µs to count the actual X-ray interaction. The 

experiment is carried out for both X-ray source and X-ray gun. 
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Fig. 4.37: Spectra obtained for various count rates from X-ray gun for the pulse shaping 
time of 0.8 µs (only five spectrums plotted for clarity). 
  

   
Fig. 4.38: Change in the peak energy position (ADC channel number) for various 
incident X-ray rates using X-ray gun for the pulse shaping time of 0.8 µs. 
 

 It is shown that the difference between the incident rate and the number of 

detected X-ray events vary ~ 15 % at  ~ 70 kcts/s as shown in figure 4.39.  
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Fig. 4.39: Different between the incident and detector count rates for both 55Fe X-ray 
source and X-ray gun for the pulse shaping time of 0.8 µs. 
 

4.6. SUMMARY: 

 The SDD based X-ray spectrometer has been developed using commercial 

equivalent of space qualified components. It is shown that the developed spectrometer 

provides energy resolution of ~ 150 eV at 5.9 keV when the SDD is cooled to ~ -40oC 

for the pulse shaping time of ~ 3.3 µs. This meets the performance requirement of APXS 

instrument. The energy resolution of the developed spectrometer is measured for various 

pulse shaping time constants to identify suitable pulse shaping time for the XSM 

experiment and also accommodate count rates close to ~ 105 counts/s with reasonably 

good energy resolution of ~ 200 eV at 5.9 keV which is required for the XSM 

experiment. Based on the experimental results, it is decided to have pulse shaping time 

of ~ 0.8 µs which gives stable energy resolution and peak energy position up to ~ 70 

kcts/s. The spectrometer performance is also characterized for various detector operating 

temperatures, pulse shaping time constants and for various incident X-ray rates. In both 

cases, the low energy threshold of < 1 keV has been achieved. 
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Chapter 5:  

LEAKAGE CURRENT AS A CALIBRATION TOOL FOR 

SPACE-BORNE EXPERIMENTS 

 

 One important aspect of the X-ray spectrometer onboard spacecraft is its 

calibration at regular time intervals which is necessary to understand any performance 

degradation due to very hostile space conditions. In this chapter, a new technique is 

proposed for measuring the leakage current in the Silicon Drift Detector (SDD) based X-

ray spectrometer and described the use of this technique as a tool for onboard 

performance estimation due to radiation damage to the SDD employed in the space-

borne X-ray spectrometers. The leakage current in silicon based detector varies with the 

detector operating temperature and increases with the radiation dose encountered by the 

detector in the space environment. The proposed technique to measure detector leakage 

current involves measurement of the ramp frequency of the reset type charge sensitive 

pre-amplifier when the feedback capacitor is charged only due to the detector leakage 

current. Using this technique, the leakage current is measured for large samples of SDDs 

having two different active areas of 40 mm2 (small area) and 109 mm2 (large area) with 

450 micron thick silicon. These measurements are carried out in the temperature range of 

-50oC to 20oC. At each step energy resolution is measured for all SDDs using 55Fe X-ray 

source and shown that the energy resolution varies systematically with the leakage 

current irrespective of the difference among the detectors of the same as well as different 
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sizes. Thus by measuring the leakage current onboard, it would be possible to estimate 

the time dependent performance degradation of the SDD based X-ray spectrometer. 

 

5.1. ONBOARD CALIBRATION REQUIREMENT: 

 Several planetary missions have carried SDD based spectrometer for X-ray 

fluorescence measurements [94, 97] and there are missions planned with small and large 

area SDDs for the future planetary and astronomical observations [103]. It is well known 

that the performance of any silicon detector degrades due to the environmental effects as 

well as radiation damage and the most important parameter affected by this degradation 

is the energy resolution of the X-ray spectrometer. Thus in all space-borne experiments 

employing the silicon detectors, it is customary to include onboard calibration 

source/target to calibrate the detector before making any scientific measurements and 

also at regular time intervals to quantify any performance degradation of the detector. 

Towards this direction, most of the spectrometers flown in the space/planetary missions 

have carried calibration sources/targets for onboard performance characterization. 

 The X-ray spectrometers flown in the planetary missions for measuring the X-ray 

fluorescence requires radioactive sources (typically high strength) onboard for in-situ 

elemental surface composition. Such instruments always carry a sample target in the 

form planetary analogue or the target surface coated with the multiple chemical 

compounds to use it as calibration target. These calibration targets are mounted on a 

mechanism which brings the target in front of the detector - source assembly in case the 

spectrometer is mounted permanently on the lander or rover without maneuvering 

provision. The X-ray fluorescence from these target material due to source excitation is 

detected by the SDD and used for spectrometer performance calibration. Alternately, the 

sample targets can be permanently mounted at the desired location onboard lander or 
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rover where the spectrometer instrument is mounted with maneuvering provision such as 

robotic arm. In such case, the robotic arm is commanded to carry the instrument near the 

target as and when the calibration of the instrument is desired. 

 The X-ray spectrometers flown for remote X-ray fluorescence 

spectroscopy/astronomical observations in the orbiting satellite carry radioactive 

source(s) for onboard calibration. These radioactive sources (typically very low strength)  

are generally mounted on a mechanism which brings the source in front of the detector 

for the spectrometer calibration. This method requires a moving mechanism which is 

heavy and consumes more power. The mechanism weighs anywhere between few 

hundred grams to few kilograms based on the number of detectors used in the 

spectrometer. Use of moving mechanisms is generally less preferred in the space 

instruments. If any failure to the mechanism, the spectrometer in that case will not be 

usable. There are X-ray spectrometer instruments [118] flown with calibration sources 

mounted on the inner side of the protection doors which are used for one time calibration 

of the instrument before opening the protection door. In such cases, it would be difficult 

to find cause of any degradation in the instruments temporal performance. 

 The energy resolution of the SDD based spectrometer primarily depends on the 

detector leakage current and the baseline noise associated with the charge readout & 

signal processing electronics. The SDD leakage current onboard X-ray spectrometer 

varies with detector operating temperature and increases with radiation dose absorbed by 

the detector in the space environment. The baseline noise associated with the charge 

readout and signal processing electronics is not expected to change significantly due to 

the virtue of using space qualified and radiation hardened electronic components. Any 

degradation in the performance of readout electronics can be quantified by feeding 

charge pulses through a small capacitor to the electronic chain through an electronics 
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switch. Thus the degradation in the energy resolution of the SDD can be estimated if it is 

possible to measure the detector leakage current.  

 However, the leakage current measurement typically involves a different 

measurement setup with access to the bare detector chip. Since the SDD is available 

module form, the conventional methods of measuring detector leakage current cannot be 

implemented in the onboard electronics. Thus it becomes essential to have a dedicated 

calibration source or target, typically requiring a separate moving mechanism, in order to 

keep track of the performance degradation of the SDD in space. Such mechanism can be 

implemented in the X-ray spectrometers involving small number of detectors. However, 

for the future instruments involving large number of SDDs, it would be difficult to 

implement a separate calibration mechanism for individual detector or a single 

mechanism which will be very heavy and power consuming. Thus, onboard calibration 

of the instruments involving large number of detectors, such as the X-ray spectrometer 

involving 64 SDDs which we are developing for a future mission, will be a major issue. 

 An alternate technique is proposed for the calibration of the SDD based X-ray 

spectrometers by measuring the detector leakage current onboard and hence the energy 

resolution. A simple, novel technique has been adapted to measure the detector leakage 

current by measuring the ramp frequency of the reset-type charge sensitive pre-amplifier. 

This technique does not require any additional electronics hardware except a counter 

which can be part of spectrometer digital data acquisition system and thus can be easily 

implemented for any number of detectors. It is demonstrated that the energy resolution 

can be uniquely estimated from the leakage current by measuring the leakage current for 

two sets of SDDs having the detector area of 40 mm2 and 109 mm2 for various detector 

operating temperatures. 
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5.2. LEAKAGE CURRENT: 

 A small current of the order of microamperes is observed when reverse bias 

voltage is applied to a diode. This leakage current is commonly described as a 

combination of diffusion and generation current [119]. The leakage current relationship 

with device parameters can be derived using basic diode theory. Increase in the leakage 

current with radiation dose in the space-borne SDDs are due to defects created in the 

silicon crystal lattice which acts as generation canters for leakage current [120, 121] and 

degrades the energy resolution. These generation centers are very sensitive to the 

temperature variations and the detectors needs to be operated at much lower 

temperatures to achieve the stable spectroscopic performances. The device level leakage 

current in silicon detector depends on the local defects [122], leakage current generated 

both in the depleted bulk & at the Si-SiO2 interfaces [123] and the edge effects [124]. 

Defects in the material are considered to be the main cause of the existence of the current 

noise which increases with temperature [125]. In a good quality detector system, the 

noise contribution due to leakage current is negligible with no radiation damage. SDDs 

produced in recent year’s uses advanced processing techniques to minimize such effects 

on the overall performance. SDDs with low leakage current can be operated at fast 

shaping time and hence for high count rate applications. 

  The theory of p-n junction diode was established by Shockley [126]. The 

forward current-voltage relation of a p-n junction diode is given by the Shockley 

equation (5.1)  











 1kT

qV

o eII 
       (5.1) 
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 where I is the forward current, Io is the leakage current (reverse saturation 

current), q is the electronic charge, V is the junction voltage, k is the Boltzmann’s 

constant, η is the ideality constant and T is the temperature in K. The p-n junction diode 

equation (1) contains two temperature dependant terms; one is the temperature 

dependence of the leakage current (Io) and another is temperature itself in the exponential 

term (qV/ηkT). It was later extended to recombination in the p-n junction depletion 

region by Sah-Noyce-Shockley [127]. As per the Sah-Noyce-Shockley theory, the 

forward current is dominated by the recombination of minority carriers injected into the 

neutral regions of the junction and this type of current gives ideality constant η=1. The 

deviation of ideality constant (η>1) is explained by the recombination of carriers in the 

space charge region mediated by recombination centers located near the intrinsic Fermi 

level. However, Sah-Noyce-Shockley theory does not account for the ideality constant 

value greater than 2 reported in AlGaN/GaN and GaN p-n junctions [128, 129]. The 

Shockley-Read-Hall (SRH) theory about the function of impurities, acting not only as 

traps but also as source of free carriers and it is dependent [130]. In this case, the value 

of η typically varies between 1 and 2 [131-133]. 

 The leakage current is the noise source and can be used as a indicator of 

performance of the semiconductor detector and the leakage current is commonly 

described as a combination of diffusion and generation current [119]. The diffusion 

current is due to the minority carriers generated in the neutral region and the diffusing is 

negligible for fully depleted to the edge of the depletion region and therefore, it is 

independent of the applied reverse bias voltage, at least until the full depletion reached. 

When ND is small, the diffusion current increases. The diffusion current density is given 

in equation (5.2) 
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 where Dp is the diffusion coefficient, τp is the minority carrier life time, ni is the 

intrinsic carrier concentration, ND is the doping concentration of the substrate. This 

current is negligible for the fully depleted detector. Generation current is due to the 

generation of charge carriers in the depletion region. The generation current can be 

reduced by using pure and defect free material. One has to keep the detector temperature 

low in a controlled environment. The generation current density is given in (5.3) 
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 where W is the depletion width, τe is the effective life time and 1/τe gives 

generation rate in the depletion region. Then the total current becomes (5.4) 
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 If the generation centers are distributed uniformly, the generation current is 

directly proportional to the depletion width from where the generated carriers are 

collected. The depletion width is given in equation (5.5) 

 Rbi
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s VV
qN

W 
2

       (5.5) 

 where Vbi is the built in reverse bias voltage, VR is the applied external reverse 

bias voltage. For the high resistivity silicon, ND is small, W is large and hence the 

generation current will increase. The generation current is proportional to sqrt(VR) and 

the activation energy which is ~ 0.6 to 0.9 eV, depending on the energy level of the 

generation centers. The generation rate is very important factor which is given in (5.6) 
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 where Nt is the density of the states of the generation center, Et is the energy level 

of the generation center, vth is the electron thermal energy,  σ0 is the capture cross 

section. To reduce the generation current, the process should be clean to reduce Nt. The 

leakage current in a reverse biased fully depleted junction can be expressed in terms of 

minority carrier density and carrier diffusion length as given in equation (5.7) 
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 where Dn,p is the diffusion coefficients for the charge carriers, Ln,p is the diffusion 

length which is sqrt (Dn,p τn,p) and np0, pn0 are the minority carrier density in each side at 

thermal equilibrium. This leakage current reaches saturation on electrical breakdown as 

the reverse voltage is increased. The breakdown can be explained by either avalanche 

mechanisms which is due to the charge multiplication collisions with the lattice or by 

Zener breakdown, based on the quantum mechanical tunnel effect or by thermal 

instability.  In the reverse bias condition, the free charge carriers density is low in the 

depleted region (bulk) and thus the recombination is improbable. The main effect is the 

generation current. Measuring the current in a fully depleted condition is good method to 

evaluate the radiation damage in the detector as the magnitude of this current is 

proportional to the density of the defects induced by the radiation. The generation current 

strongly depends on the temperature as described in equation (5.8) 

  kT
E

o

g

eTTI 


 2
       (5.8) 



142 
 

 where Io(T) is the generation current and Eg is the bandgap energy. The bandgap 

energy is temperature dependent as given in Varshni equation [24] The magnitude of the 

current at temperature T2 compared to the temperature at T1 is given in equation (5.9) 
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 where Io(T1) is the leakage current at temperature T1 and Io(T2) is the leakage 

current at temperature T2. In silicon detectors, the leakage current reduces to half for 

every 7o decrease in the detector temperature.  

 

5.3. LEAKAGE CURRENT MEASUREMENT TECHNIQUE:  

 The pulse reset type CSPA (discussed in chapter-4) configuration allows us to 

measure the detector leakage current by directly integrating in to the feedback capacitor. 

The charge stored in the feedback capacitor is removed by providing reset pulses to the 

junction of FET gate, detector anode and the feedback capacitor (see figure 5.1) through 

the reset diode at a time when the charge across the feedback capacitor reaches the 

predefined threshold level. Hence the output of the reset type CSPA will be in the form 

of ramp signal. The leakage current of the SDD (in the absence of X-ray interaction) can 

be obtained by measuring the ramp signal amplitude (VRMAP) at the output of charge to 

voltage conversion stage of CSPA and frequency (FRAMP = 1/TRAMP) using equation 

(5.10) with the known value of charge integrating feedback capacitor Cf. 

RAMP

RAMP
fo T

VCI          (5.10) 

 The ramp signal frequency at the output of the CSPA will depend on the 

magnitude of the leakage current generated by the SDD in the absence of any photon 
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interacting with the detector. In the presence of photon interactions, the ramp signal 

frequency varies with energy and rate of photon interacting with the detector and they 

appear as step pulses on the ramp signal. 

 

 
Fig. 5.1:  Block schematic of pulse reset type Charge Sensitive Pre-Amplifier (CSPA) 
design [134]. 
 

 The leakage current can be measured by counting the reset pulses with fixed 

ramp signal amplitude and known feedback capacitance. This technique does not require 

any additional electronics hardware except a counter which can be part of spectrometer 

digital data acquisition system and thus can be easily implemented for any number of 

detectors. To estimate the leakage current using equation (5.10), it is essential to know 

the value of Cf accurately along with the precise measurement of VRAMP and TRAMP. 

Estimation of Cf is described in the next sub section. 
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5.4. MEASUREMENT RESULTS: 

5.4.1. Measurement of Feedback Capacitance (Cf): 

 Accurately measuring the value of charge integrating feedback capacitor is 

essential to precisely obtain the leakage current of the SDD as given in equation (5.10). 

The feedback capacitor is part of SDD module which defines the gain of the charge to 

voltage conversion stage of the CSPA. The value of feedback capacitor is obtained by 

using standard charge to voltage conversion using equation (5.11).  

o

in
f V

QC           (5.11) 

 where Cf is the value of feedback capacitor, Qin is the charge induced in the SDD 

for a given photon energy and Vo is the amplitude of the step pulse on the ramp signal at 

the output of charge to voltage conversion stage of the CSPA. The charge Qin is known 

for the known X-ray photon energy and the voltage pulse amplitude Vo can be measured 

with known value of feedback capacitor. Directly measuring the amplitude of step pulse 

at the output of charge to voltage conversion amplifier is practically difficult as the step 

pulse amplitude is ~ 0.74 mV/eV (assuming feedback capacitor value of 60 fF obtained 

from the manufacturer) and the voltage step voltage output after the gain stage of the 

CSPA is ~ 5 mV/keV. Hence the output of CSPA is further amplified by the shaping 

amplifier. The shaping amplifier output is recorded for known X-ray energies (5.9 keV, 

13.9 keV and 17.8 keV) using 55Fe and 241Am. Dividing these signal amplitudes by the 

actual system gain (CSPA gain amplifier + shaper amplifier gain) provides the signal 

amplitude at the output of the charge to voltage conversion stage of the CSPA for these 

X-ray energies.  
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 The gain stages of CSPA gain amplifier and the shaping amplifier are calibrated 

separately using tail pulse generator (Berkeley Nucleonic make Model BH-1, Tail Pulse 

Generator). Though the theoretical gain of each stage is known, it is essential to have real 

gain numbers to accurately estimate the Cf and the leakage current. The single stage CSPA 

gain and the three stage shaping amplifier gain are obtained from the plots shown in 

figure 5.2 and figure 5.3 respectively.  

 
Fig. 5.2: Gain calibration of CSPA gain amplifier stage using tail pulse generator. 
 

 

Fig. 5.3: Gain calibration of three stage shaping amplifier using tail pulse generator. 
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 In case of CSPA amplifier calibration, the input from the tail pulse generator is 

varied from ~10 mV to 600 mV and the gain values are obtained by storing the 

corresponding signal output. From this measurement, it is observed that the gain of the 

CSPA gain amplifier is ~ 6.78. Similarly, the input to the shaping amplifier is varied 

from 20 mV to 100 mV and recorded the corresponding signal output. The gain of the 

shaping amplifier is found to be ~ 25.16. The total gain is ~ 170.58. After the gain 

calibration, X-ray sources 55Fe and 241Am are kept one at a time in front of the SDD 

based spectrometer and recorded the shaping amplifier output and also measured the 

energy spectrum. The signal amplitude at the output of the shaping amplifier for the X-

ray energies of 5.9 keV, 13.9 keV and 17.8 keV are derived from both recorded data and 

also from the measured spectrum considering the analog to digital converter range. Both 

these amplitude measurements closely match. Then dividing the signal amplitude with 

the total system gain gives the step voltage amplitude at the output of the charge to 

voltage conversion stage of the CSPA and thereby one can derive the value of Cf with 

known charge for the given incident X-ray energy. The value of Cf derived for three 

different X-ray energies is found to be ~ 63 fF as shown in figure 5.4.  

 
Fig. 5.4: Measured value of feedback capacitance for three different X-ray energies. 
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 The measured value of feedback capacitor for three X-ray energies 5.9 keV, 13.9 

keV and 17.8 keV are 63.31 fF, 63.08 fF and 63.43 fF respectively for the one of the 

small area SDD module. The experiment is repeated for 3 more small area SDDs and 8 

large area SDDs in the similar operating condition using the same experimental setup 

and shown that the feedback capacitance varies from ~ 60 fF to ~ 66 fF between the SDD 

modules as shown in figure 5.5.  

 
Fig. 5.5:  Feedback capacitance value measured for three X-ray energies for small and 
large area SDDs (The serial number starts with VS series are small area SDDs and VX 
series are large area SDDs) [105]. 
 

 The serial number starts with VS series are small area SDDs and VX series are 

large area SDDs. The variation in the measured value of feedback capacitance is < 0.5 fF 

for three X-ray energies which is less than 1% for all SDDs and the feedback capacitance 

is shown to be varying ~ 10% between the SDD modules. 

 

5.4.2. Measurement of Leakage Current: 

 The ramp signal frequency (FRAMP=1/TRAMP) is measured at the output of CSPA 

with the fixed ramp signal amplitude in the laboratory environmental condition by 
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counting the reset pulses. During the measurement, the SDD with readout electronics 

enclosure is mounted on a thick aluminium plate to maintain the assembly and the SDD 

at stable temperature. The experiment is carried out in the room temperature of ~ 20°C 

without any input flux (dark condition). The ramp signal amplitude is set between -2 V 

to +4 V in the CSPA and the temperature of the SDD is varied by varying the Peltier 

power and measured the ramp signal frequency. At each step, no data is recorded 

initially for ~ 5 minutes to maintain the SDD at stable temperature and then measured the 

ramp signal frequency. It is observed that the ramp signal frequency varies from ~ 10 

kHz at 20°C to ~ 5 Hz at -40°C for one of the small area SDD. The experiment is 

repeated by changing the peak-peak ramp signal amplitude to -4V to +4V, 0 to +4V and 

observed that the ramp signal frequency varies systematically with ramp signal 

amplitude as shown in figure 5.6. 

 
Fig. 5. 6.  Ramp signal frequency measured for different detector temperatures by setting 
three different ramp signal amplitudes [134]. 
 

 It was observed that at lower SDD operating temperatures, the rate of change of 

ramp signal frequency did not follow the exponential trend. Later, it was established that 

the non exponential trend in the ramp signal frequency at lower temperatures is due to 
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the stray light when the SDD and the readout electronics is kept open during the 

measurement. The experiment is repeated by covering the experimental setup with 

aluminium enclosure and observed that the rate of change of ramp signal frequency 

follows the exponential trend. Similar measurement is also carried out for a large area 

SDD detector having 109 mm2 area (SDD No. VX0234) and observed that the ramp 

signal frequency varies from ~ 13 kHz at 20°C to 20 Hz at -50°C. The comparison 

between the small and large are SDD is shown in figure 5.7.  

 
Fig. 5.7: Ramp signal frequency measured for small and large area SDDs for different 
temperatures [105]. 
 

 Measurement is repeated for all the SDDs and observed that the ramp signal 

frequency varies from few kHz to ~ 10 kHz for small area SDDs and ~ 13 kHz to ~ 40 

kHz for large area SDDs at room temperature. The ramp signal frequency is about few 

Hz for small area SDDs at -40oC and about few tens of Hz for large area SDDs at -50oC. 

After the measurement of Cf, VRAMP and TRAMP, one can estimate the leakage current 

using the equation (5.10). The leakage current is estimated for different sets of ramp 

signal amplitude and shown that the magnitude of the leakage current obtained is 

independent of the set ramp signal amplitude.  This is due to the smaller set ramp signal 
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amplitude which increases the ramp signal frequency proportionately. The non-

exponential trend is also observed in the leakage current due to the stray light as 

observed in the frequency measurements. The measured leakage current varies from ~ 

0.6 nA at 20°C to ~ 0.2 pA at -40°C for a 40 mm2 area SDD as shown in figure 5.8.  

 
Fig. 5.8: Leakage current measured for three different ramp signal amplitudes with 
temperature [134]. 
 

 The leakage current measurement experiment is also conducted inside the 

thermal chamber to verify the effect of any change in the ambient temperature on the 

leakage current as the laboratory ambient temperature could vary about few degrees 

during the measurement. This experiment is also conducted to verify any contribution of 

readout electronics temperature to the SDD leakage current. Inside the environmental 

chamber, the measurements were carried out for two conditions, in one case, the ambient 

temperature is kept at 20oC and the SDD temperature is varied from 20oC to -40oC by 

varying the Peltier power. In second case, the Peltier power is switched off and the 

environmental temperature is varied from 30oC to -40oC. In both these cases, the ramp 

signal frequency is measured for various SDD operating temperatures and hence the 

leakage current. It is shown that there is no difference between the laboratory, constant 
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amplitude and varying ambient (inside the thermal chamber) conditions as shown in 

figure 5.9. 

 
Fig. 5.9: Leakage current measured for various environmental conditions [134]. 
 

 It is also observed that there is no change in the ramp signal frequency due to 

minor variations in the ambient temperature as the power to the Peltier is controlled 

using active PID controller circuit. Any sudden increase in the ambient temperature 

would require few minutes to attain the stable SDD operating temperature.  

 Subsequently, the leakage current is measured for all small and large area SDDs 

in the laboratory environmental conditions by setting the ramp signal amplitude at -2 V to 

+4 V. The SDD temperature is varied from ~ 20oC to -40oC in case of small SDDs and 

from ~ 20oC to - 50oC in case of large area SDDs as the large area SDDs require to be 

operated at much lower temperatures to achieve the same performance as that of small 

area SDDs. It is shown that the leakage current varies in the range of 0.2 to 1 nA at 20°C 

and 0.1 to 0.3 pA at -40°C for small area SDDs and varies in the range of 0.7 to 2 nA at 

20°C and 1 to 2.5 pA at -50°C for large area SDDs as shown in figure 5. 10. It is 

observed that the rate of change of leakage current with temperature is smaller for large 
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area SDDs compared to small area SDDs. It was later confirmed that the change in the 

slope in large area SDDs are due to the presence of diode as temperature monitor. 

Though the leakage current is measured for various detector operating temperatures, the 

same technique can be adapted onboard to measure the increase in leakage current with 

radiation by maintaining the SDDs at constant temperature. 

 
Fig. 5.10: Leakage current measured for small and large area SDDs for various operating 
temperatures [105]. 
 

 Knowledge of feedback capacitor value is essential to measure the leakage 

current onboard which can be obtained through the ground measurements and any 

change in the feedback capacitance value will result in the gain shift. 

 

5.4.3. Performance Comparison between Small and Large Area SDDs: 

 The energy resolution is measured for both small and large area SDDs using 55Fe 

and 241Am X-ray sources and the spectrum is acquired for both these X-ray sources 

individually by keeping one source at a time in front of the detector. The measured value 

of energy resolution is ~ 150 eV at 5.9 keV for both small and large area SDDs when the 
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detectors are cooled to -40°C and -50oC respectively. A sample spectra acquired for both 

55Fe and 241Am is shown in figure 5. 11.  
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Fig. 5.11: Spectra measured for a small and large area SDD using 55Fe and 241Am X-ray 
sources [105]. 
 

 The energy resolution is also measured for both small and large area detectors for 

various detector temperatures. The energy resolution varies from 342 eV at 2°C to ~ 150 

eV at -40°C for small area detector and 431 eV at -5°C to 152 eV at -50°C at 5.9 keV. 

Figure 5.12 shows spectral response of the small area detector for various detector 

temperatures.  
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Fig. 5.12: Spectra acquired for small area detector for various detector temperatures 
[134]. 

 

 Table-5.1 gives measured energy resolution for a sample small and large area 

SDDs for various detector operating temperatures using 55Fe and 241Am. 

 

Table-5.1: Measured energy resolution for various detector operating temperatures. 
 Small area SDD Large area SDD 

X-ray source and  energy -40oC 2oC -50oC -5oC 
55Fe, 5.9 keV 150 eV 342 eV 152 eV 431 eV 

241Am, 13.9 keV 240 eV 530 eV 243 eV 695 eV 
241Am, 17.8 keV 270 eV 610 eV 271 eV 768 eV 

 

 Energy resolution versus detector operating temperature is plotted for 6 SDDs 

(small and large area) for clarity even though measurement is carried out for 12 SDDs as 

shown in figure 5.13. The energy resolution degrades faster in case of large area SDDs 

with temperature compared to small area SDDs. 
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Fig. 5.13: Energy resolution measured for small and large area SDDs at various detector 
operating temperatures using 55Fe X-ray source [105]. 
 

5.4.4. Energy Resolution Dependence on Leakage Current: 

 The measured value of leakage current for all the SDDs at various detector 

operating temperatures are plotted against the measured energy resolution and shown 

that the energy resolution degrades for the detector leakage currents greater than 1 pA. 

The energy resolution degrades from ~ 150 eV for the detector leakage current of ~ 1 pA 

to 200 eV at 10 pA and 400 eV at 100 pA as shown in figure 5.14. It can be clearly seen 

that the energy resolution does not improve for the leakage currents < 1 pA. For the 

smaller leakage currents < 1 pA, the spectrometer system noise is dominant and hence 

the spectral energy resolution is constant at ~ 150 eV at 5.9 keV for the pulse peaking 

time of ~ 3.3 µs. Figure 5. 14 also give the consistency of the leakage current 

measurement and also the performance of developed SDD based spectrometer for 

various detector operating temperatures. By measuring the leakage current onboard, one 

can estimate any degradation in the energy resolution and it can be carried out by 

counting number of reset pulses and thereby the ramp signal frequency.  
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Fig. 5.14: Leakage current measured for large sample of SDDs versus measured energy 
resolution [105]. 
  

 The set ramp signal amplitude will remain fairly constant as the onboard 

instruments uses space qualified and radiation hardened electronic components. One can 

also optimize the Peltier power required for the SDD cooling using the measured values 

of leakage current and the known noise performance of the spectrometer system. 

 

5.4.5. Leakage Current Due to Spurious Radiation: 

 These measurements of the reset frequency are carried out in the absence X-ray 

interactions. The reset frequency should increase in presence of the actual X-ray photons, 

which may result in inaccurate measurement of the leakage current during large count 

rates. In order to estimate the effect of the X-ray interactions on the reset frequency, we 

also experimentally measured the ramp signal frequency for various X-ray photon rates 

using 55Fe and 241Am X-ray sources for one of the large area SDD (VX0234) at -40oC. 

The reset pulses are counted for every 10 s for the total duration of 100 s and the 

resultant reset frequency for different incident rate is shown in figure 5.15.  
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Fig. 5.15: Change in the ramp signal frequency for various incident photon rates using 
55Fe and 241Am X-ray sources [105]. 
 

 It can be seen that even for the incident rate of ~ 100 photons per second, the 

change in reset frequency is only ~ 0.5 Hz (~ 0.8%) and ~ 2 Hz (~ 3 %) for the X-ray 

sources 55Fe (5.9 keV, 6.49 keV) and 241Am (13.9 keV, 17.8 keV and 59.5 keV) 

respectively. This shows that, even though ideally leakage current measurement should 

be carried out without any additional X-ray interactions, a small count rate of ‘spurious’ 

events would not affect the result significantly. We also calculated the increase in the 

ramp signal frequency for additional X-ray interactions in the detector. For 55Fe X-ray 

source (83% of 5.9 keV and 17% of 6.5 keV photons), incident rate of 100 photons/s 

results in total 26 fC charge deposition for the e-h pair creation energy of 3.6 eV. This 

results in increase of VRMAP by ~ 0.43 V for the measured feedback capacitance value of 

61 fF. This means that for the VRMAP range of ~ 0.9 V, the total charge deposition of ~ 52 

fC will result in increase of reset frequency by 1Hz. This value matches with 

experimental measurements as shown in figure 5.15. 
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5.4.6. Leakage Current - Theoretical Comparison: 

In the forward current-voltage diode equation (5.1), forward current of the p-n 

junction diode depends on the term exp(qV/ηkT). The diode equation contains two 

temperature dependant terms; one is exponential term (qV/ηkT) and another is leakage 

current (Io). Measuring leakage current gives vital information on the contribution of the 

current noise by the SDD in the overall spectrometer system performance. The leakage 

current (Io) is directly proportional to temperature and exponentially related to (-

qEg/ηkT). The leakage current is given by the generalized equation (5.12) [135] 

kT
qE

o

g

eBTI 


 2/3
       (5.12) 

 where B is the constant, Eg is the band gap energy which varies with temperature 

[24] and hence cannot be considered as constant. Researchers have also used BT3/2 [135], 

BT2 [136], BT5/2 [126] and BT3/η [137] terms for estimating the leakage current in various 

p-n junction diodes. 

The leakage current is estimated for various detector operating temperatures 

using various forms of diode equation (5.12). The theoretically estimated leakage current 

values are compared with the experimental measurements. It is shown that the rate of 

change of leakage current with temperature closely matches for the ideality factor value 

of ~ 1.5 for small area SDDs and ~ 2 for large area SDDs  (assuming B=1) as shown in 

figure 5.16 and figure 5.17 respectively. The magnitude of the leakage current varies 

depending on various forms of the product term in equation (5.12) including B term 

which is diode junction area. Since the junction of area of two diodes under test is 

different, the magnitude of leakage current should also be different and the value of B is 

device dependant. 
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Fig. 5.16: Measured and theoretically estimated leakage current for small area SDD with 
ideality factor η = 1.46 for various detector operating temperatures. 
 

 
Fig. 5.17: Measured and theoretically estimated leakage current for large area SDD with 
ideality factor η = 2.14 for various detector operating temperatures. 
 

The magnitude of the leakage current dependence on B is eliminated by dividing 

leakage current at one temperature with its value at another temperature. The equation 

(5.9) is rewritten as (5.13) with diode equation of the form given in ref. [137] 
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The slope values derived from the measured leakage current for small and large 

area SDDs by plotting  
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equation. The theoretical slope is estimated by substituting Eg, measured ideality factor 

for small and large area SDDs and K in the slope term Eg/ηK from equation (5.13) (see 

figure 5. 18) and this remains same for all forms of diode equation. The theoretical slope 

value for η = 1.46 is 8900 and for η = 2.14 is 6070 which approximately matches with 

the measured slopes for all forms of diode equation for both small and large area SDDs.  

 
Fig. 5.18: Measured slopes for small and large area SDDs using leakage current ratio 
method. 
  

 However to confirm the suitability of the particular diode equation, we have 

computed the ratio of slopes measured experimentally for small to large area SDDs using 

different form of diode equations as given in equation (5.12). The theoretical slope ratio 

~ (8900/6070) i.e. 1.466 is found to be closely matches with the leakage ratio equation of 

the form BT3/η as given in the table-5.2. 
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Table-5.2: Measured slopes and slope ratios for small and large area SDDs using 
leakage current ratio method. 

 BT2 BT3/2 BT5/2 BT3/η 

Small area SDD (40 mm2) 8411.5 8539.7 8283.2 8397.4 

Large area SDD (109 mm2) 5577.2 5704.1 5450.3 5729.9 

Measured slope ratio  1.508 1.497 1.519 1.465 

 

5.4.6.1. Estimation of Ideality Constant and Its Temperature Dependence: 

The natural logarithm of the measured leakage current for small and large area 

SDDs are plotted against 1000/T as shown in figure 5.19 and the slope of each SDD is 

estimated by linear square fitting.  

 
Fig. 5.19: Natural logarithm of leakage current versus the reciprocal of temperature for 
small and large area SDDs. 
 

The slope of the fitted line for each SDD is equated to (11.59 x (Eg/η)) and the 

value of ideality constant is derived by substituting Eg with 1.127 (band gap energy of 

silicon at 273 K). The derived value of ideality constant for small area SDDs (4 pieces) 

are 1.53, 1.49, 1.46, 1.53 and for large area SDDs (8 pieces) are 2.13, 1.97, 2.17, 2.14, 
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2.07, 2.01, 2.16 and 2.34. This shows that the value of η is about 1.5 for 40 mm2 area 

SDDs and about 2 for 109 mm2 area SDDs. The measured values of ideality constant for 

bulk p-i-n SDDs closely matches with the values reported for silicon based p-n junction 

diodes. The increase in the value of ideality constant for the larger area SDDs are 

attributed to the presence of additional p-n junction diode for temperature monitoring. 

This result is in line with the results reported earlier showing increase in the value of 

ideality constant with number of p-n junctions [138]. Though the p-n junction is not a 

part of physical device, the radiative property of the forward biased p-n junction does 

affect the leakage current values with temperature. The change in the value of ideality 

constant is also attributed to the recombination enhanced by the larger number of defects 

in the larger bulk area, contact area and the number of contacts. The change in the value 

of ideality constant within the small and large area SDDs could be due to the varied bulk 

material quality.  

The temperature dependence of the ideality constant for these SDDs are 

estimated by substituting the value of band gap energy at different temperatures in the 

slope term (11.59 x (Eg/η)) and the temperature dependent band gap energy is derived 

from the Varshni equation (24). The estimated value of ideality constant is shown to be 

varying from 1.548 at ~ 230 K to 1.529 at ~ 290 K for a sample small area SDD 

(VS0592). Figure 5.20 shows the temperature dependence of ideality constant for all 4 

small area SDDs. It is observed that the change in the value of ideality constant is ~ 0.02 

in the temperature range of 230 K to 290 K for small area SDDs and ~ 0.03 in the 

temperature range of 220 K to 293 K for large area SDDs. The value of ideality constant 

decreases linearly with increase in the SDD operating temperature and the trend is 

similar to the values reported for Au/n-GaAs, Pt/n-GaN Schottky diodes [139-140] and 

various types of solar cells [141-144]. 
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Fig. 5.20: Ideality constant (η) versus temperature for small area SDDs.  
 

For a sample large area SDD (VX0046), the ideality constant varies from 2.152 at 

~ 220 K to 2.121 at ~ 293 K. Figure 5.21 shows the temperature dependence of ideality 

constant for all 8 large area SDDs. 

 
Fig. 5.21: Ideality constant (η) versus temperature for large area SDDs. 
 

 The change in ideality constant value with temperature does not exhibit 

remarkable temperature dependence and this marginal variation could be attributed to the 

possible activation of defects which acts as trap and/or recombination centers. 
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5.5. SUMMARY: 

 In this chapter, a new and simple technique for measuring the leakage current in 

SDDs is discussed. The measurement technique involves by simply counting the ramp 

signal frequency at the output of CSPA with known values of charge integrating 

feedback capacitor and the ramp signal amplitude. The value of feedback capacitance is 

estimated by independent measurements and the ramp signal amplitude is fixed 

electrically in the CSPA. The measured value of feedback capacitance is shown to be 

varying from ~ 60 to 66 fF. Using this technique, the leakage current is measured for 

large sample of SDDs having two different active area of 40 mm2 and 109 mm2 for 

various detector operating temperatures. Simultaneously, the energy resolution is also 

measured for all the SDD modules at each point of leakage current measurement. It has 

been shown that the energy resolution is ~ 150 eV at 5.9 keV for the detector leakage 

currents < 1 pA and changes to ~ 200 eV at 10 pA and ~ 400 eV at 100 pA. For the 

leakage currents < 1 pA, the electronics noise determines the energy resolution and at 

higher leakage currents, the leakage current is dominant. Using this technique, one can 

estimate the performance degradation of the space-borne SDD based X-ray spectrometer 

where the detector is expected to encounter very hostile space radiation environment. 

The radiation damage to the SDD leads to the increase in the leakage current and hence it 

degrades energy resolution (discussed in chapter-6). This technique takes care of only the 

radiation damage to the SDD. It is expected that the components used in the readout 

electronics should be of space qualified in nature with certain dose levels. Any 

degradation to the electronic chain can be quantified separately by means of electronic 

calibration. This may not include the on-chip or discrete JFET used in the SDD modules. 

The measured leakage current is also compared with theoretical values and shown to 

have good correlation with respect the ideality (device) constant. 
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Chapter 6:  

RADIATION EFFECTS ON THE PERFORMANCE OF THE 

SDD BASED X-RAY SPECTROMETER ONBOARD 

CHANDRAYAAN-2 MISSION 

 

6.1. INTRODUCTION: 

 Space radiation is a major issue for the satellite based instruments, especially 

when using sensitive components and detectors such as Silicon Drift Detector. It is 

essential to have knowledge of the radiation effects on these devices in order to assess 

the performance degradation due to hostile space radiation environment. The main 

effects due to space radiation in silicon detector are displacement damage (bulk damage) 

and ionization damage (surface damage). The displacement damage is caused by the 

displacement of crystal atoms and the ionization damage covers the effects in the 

dielectric and interface regions.   

 Performance of a SDD based X-ray spectrometer degrades due to environmental 

effects as well as radiation damage resulting in poor energy resolution. The energy 

resolution of the SDD based X-ray spectrometer mainly depends on the leakage current 

and the noise contributed by the readout electronics. The leakage current in a 

semiconductor diode varies with the operating temperature (typically doubles for 

increase of every ~ 7oC) and increases with the radiation dose absorbed by the detector 

during the transit through radiation belts and in-orbit operations. The electronic noise 
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associated with the readout system (except internal JFET) will not change significantly 

as the space instruments are designed using space grade components which are designed 

to withstand higher (> 30 krad) radiation dose levels. SDDs used in the space 

experiments are either custom designed [104] which are specific to the scientific study or 

off-the-shelf devices [85-87] which are readily available in various types and sizes. We 

plan to use one such off-the-shelf SDD device in two X-ray spectrometer instruments 

namely Solar X-ray Monitor (XSM) [102] and Alpha Particle X-ray Spectrometer 

(APXS) [99] for our upcoming Indian mission to Moon, Chandrayaan-2. 

 Silicon detectors are sensitive to the displacement damage which is produced by 

the non ionizing energy losses of charged and neutral particles. The displacement 

damage leads to increase in the detector leakage current and thus degrades the energy 

resolution. Change in the leakage current and the charge collection efficiency in large 

area SDDs with proton spectrum centered at 11.2 MeV for the fluence of ~ 109/cm2 is 

reported in ref. [120, 145]. Irradiation measurements on various other types of silicon 

detectors have been reported with protons [146-147], gamma rays [148-149] and 

neutrons [150-151]. These measurements indicate that the increase in the leakage current 

is due to bulk damage as well as surface leakages. It is also shown that the change in the 

leakage current is independent of type of silicon material; low or high resistivity, p- or n- 

type and low concentration of carbon and oxygen impurities [152]. 

 

6.2. PERFORMANCE REQUIREMENT: 

Planetary missions such as Chandrayaan-2 will be passing through the radiation 

belts around the earth during the transit to the Moon. It is known that the Earth is 

surrounded by extremely intense radiation regions known as Van Allen radiation belts. 

These radiation belts are essentially highly energetic electrons and protons trapped 
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within the Earth’s magnetosphere. In the lunar orbit, the majority of the radiation is solar 

protons. Hence it is necessary to study the radiation damage effects on the SDDs during 

transit and in-orbit. The performance requirement of SDD based spectrometer onboard 

Chandrayaan-2 mission is listed in table-6.1. 

 

Table-6.1: X-ray spectrometer performance requirement onboard Chandrayaan-2 [153]. 
Mission and its duration Chandrayaan-2, 2 years 

Orbital altitude around the Moon 100 km 

Trapped proton fluence, transit (~ 7 days) ~ 3.4 x 107 protons/40 mm2 

Lunar orbit solar proton fluence for 2 years ~ 4 x 109 protons/40 mm2 

Estimated cumulative dose 10 krad 

Energy resolution at the start of the mission ~ 150 eV at 5.9 keV for 3.3 µs  

Required energy resolution at the end of life < 250 eV 

SDD operating temperature -40oC 

Energy range 1-25 keV 

 

6.3. SPACE RADIATION ENVIRONMENT: 

 The spacecraft encounters the space radiation environment surrounding the Earth 

and these radiations come from four different sources, they are  

1. Protons and electrons residing in the Van Allen radiation belts. 

2. Heavy ions trapped in the magnetosphere. 

3. Protons and heavy ions from the cosmic rays. 

4. Protons and heavy ions from solar flares. 

 

 All the above phenomenon are intimately dependent on the solar cycle [154]. It is 

well known that the Earth is surrounded by the extremely intense radiation regions 
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known as Van Allen radiation belts. The schematic representation of the Van Allen 

radiation belts is shown in figure 6.1.  

 
Fig. 6.1: Cutaway drawing of two radiation belts around the Earth, Red-Inner radiation 
belt, Blue-Outer radiation belt [Courtesy NASA]. 
 

 These radiation belts are essentially the high energetic electrons and protons 

trapped within the Earth’s magnetosphere [155]. There are two distinct radiation belts of 

toroidal shape surrounding the earth where the high energy charged particles get trapped 

in the earth’s magnetic field [156] as shown in figure 6.2.  

 
Fig. 6.2: Solar wind and radiation belt around the Earth [157]. 
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 The inner radiation belt mainly consists of protons having energies up to 400 

MeV with particle flux reaching 105 particles cm-2 s-1. The inner radiation belt extends 

typically from an altitude of 0.1 to 2 Earth radii. The outer radiation belt mainly consists 

of electrons which are highly variable with maximum energy of 10 MeV and the flux of 

~ 106  particles cm-2 s-1. The inner radiation belt extends typically from an altitude of ~ 4 

to 9-10 Earth radii. Galactic cosmic rays incorporate a range of elements with atomic 

numbers ranging from 1 (Hydrogen) to 92 (Uranium), typically characterized with low 

flux levels and wide distribution of particle energies ranging from few MeV to several 

hundred GeV [154]. The compositions of the particles are determined to be ~ 85% 

protons, ~ 14% alpha particles and 1% heavy ions [158]. During solar flares, high energy 

protons, typically of the order of hundreds of MeV are involved and solar flares are 

typically observed in solar maximum conditions [154]. Theses radiation belts endanger 

satellites and systems and there should be adequate shielding to protect the sensitive 

components/devices if their orbit spends significant amount of time in the radiation belt. 

Planetary missions such as Chandrayaan-2 will be passing through these radiation belts 

during the transit to the Moon and hence it is necessary to study the radiation damage 

effects of the SDDs used in the spectrometer instruments. In the lunar orbit, the majority 

of the radiation is solar protons. 

 

6.4. THE RADIATION DAMAGE MECHANISMS: 

 The interaction of energetic particles on a solid loses their energy due to ionizing 

and nonionizing process as they travel through a given material. The result of this energy 

loss is the production of e-h pairs (ionization) and displaced atoms (displacement 

damage). Figure 6.3 gives the flow diagram of some of the effects of these radiation 

damages [158].  
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Fig. 6.3: Flow diagram of radiation damage effects for various radiations [158]. 
 

 Incident radiation displaces silicon atoms from their lattice, resulting in creation 

of defects that alter the electronic characteristics of the crystal. The displacement damage 

is also known as non-ionizing damage. In ionization damage, the energy is absorbed by 

the ionization in the insulating layers, liberates charge carriers which diffuse or drift to 

the other locations leading to the charge build up and hence the parasitic fields. 
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6.5. DISPLACEMENT DAMAGE AND ITS EFFECTS: 

6.5.1. Displacement Damage: 

 The interaction of particles in the silicon crystal depends on the type of particle 

and its energy. At lower energies, a big part of the particle energy is lost due to the 

ionization of silicon atoms in the lattice and it is fully reversible.  If the incident particle 

displaces the lattice atoms through the non ionizing process such as Coulomb interaction, 

elastic and non elastic nuclear collisions [159] resulting in irreversible damage.  The non 

ionizing energy loss for charged particles is mainly due to Coulomb interaction. In case 

of neutrons, the interaction is mainly via elastic scattering with the nucleus. 

Displacement damage is the ejection of an atom from its normal lattice position when the 

radiation strikes and the ejected atom is known as primary knock-on atom (PKA) as 

shown in figure 6.4.  

 
Fig. 6.4: Schematic representation of defect caused by damage from an incident particle 
[160]. 
 

 The recoil energy of the PKAs can be up to ~ 133 eV for neutrons, which in turn 

can remove other atoms from the lattice, giving rise to cascade of atomic displacements 

before eventually coming to rest as shown in figure 6.5. In case of gamma ray irradiation, 



172 
 

the displacement damage is due to Compton electrons that only can produce isolated 

single defects as shown in figure 6.6. The charged particles can produce both defect 

clusters and also isolated single defects. 

 
Fig. 6.5: The point and cluster defects in silicon due to fast neutrons [161]. 
 

 
Fig. 6.6: The point defects in silicon due to gamma ray radiation [162]. 
 

 It has been estimated that ~ 50% of the energy of the recoil atom is deposited via 

ionization and the displacement dominates when the recoil atom loses its final 5-10 keV. 

The cascade effect resulting in the formation of two or three terminal clusters.  The 

displaced atom becomes an interstitial and the position of the atom formerly occupied 

becomes a vacancy, together called as frenkel pair (stable defect). Vacancies within the 
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lattice are mobile and can combine with impurity atoms or with other vacancies. 

Combining of vacancies is known as cluster and they are electronically active depending 

on the vacancy and impurity. This can act same way as dopants and can also act as traps 

for carriers.  For example, a 1 MeV neutron transfers ~ 50 keV to the silicon recoil atom 

which in turn displaces about 103 additional atoms in the region. Compared to neutrons, 

protons are more likely to impart their energy in small fractions to the lattice because of 

Coulomb interaction and thereby creating more point defects than neutrons. Clusters are 

thought to be responsible for the significant differences between the damage created by 

light particles such as photons/low energy electrons and heavy particles.  The schematic 

representation of cluster due to 50 keV recoil energy is shown in figure 6.7 and the 

simulated cluster defects is shown in figure 6.8.  

 
Fig. 6.7: Schematic representation of cluster defects created by an 1 MeV neutron 
imparting recoil energy of 50 keV on a silicon atom [163].  
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 Electrons with energy up to few hundred keV can displace one or two atoms from 

their lattice site. In each interaction leading to displacement damage of a PKA, specific 

recoil energy ER is produced. The displacement damage function can be expressed as in 

equation (6.1) 

        RR

E

Rv
v

v dEEPEEfEED
R

 
max

0

,    (6.1) 

 where v indicates all possible interactions of the incoming particle with energy E 

with the silicon lattice leading to atom displacement. σv is the cross section and fv(E, ER) 

gives the probability for the generation of PKA with recoil energy ER. 

 
Fig. 6.8: Spatial distribution of vacancies created by a 1 MeV neutron imparting recoil 
energy of 50 keV on a silicon atom. The insert shows the traverse projection [163]. 
  

 The total displacement damage energy per volume deposited in a crystal 

undergoing irradiation is given by (6.2) 
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   dEEEDtNT exd 



0

       (6.2) 

 where N is the number of silicon atoms per unit volume, φ(E) is the differential 

particle flux spectrum and tex is the exposure time. An incident radiation imparting 

energy of about 25 eV [163] to a silicon atom can dislodge it from its lattice site. 

Displacement damage is proportional to non-ionizing energy loss which is not 

proportional to the total energy absorbed, but depends on the particle type and energy. 

Displacement damage can be quantified using the non-ionizing energy loss (NIEL) [164] 

and it is the energy lost to non-ionizing events per unit length (MeV/cm). Table-6.2 gives 

possible single defects and defect clusters created by the different radiations. The number 

of "X's" indicates the qualitative amount of defects of that particular type. 

 

Table-6.2: Qualitative indication of defects created by different types of radiations [165]. 
Particle type Single defects Defects clusters 

Neutron X XXXXX 

Charged particles (p, π, etc.) XXXX XX 

Gamma rays and electrons XXXXXX  

 

 Non ionizing energy loss for various types of particles has been calculated over 

the large energy range [165]. Although these values are not verified quantitatively, but 

can be used to estimate the relative effects. X-rays do not cause displacement damage as 

the X-ray energy is less than the momentum conservation set threshold of about 250 keV 

for photons. Gamma rays can cause displacement damage through Compton scattered 

electrons. The neutron induced displacement damage with energy of 1 MeV is more than 

two orders of magnitude higher than the 1 MeV electron induced damage [166].  The 

relative displacement damage for various particles and energies are given in table-6.3. 
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Table-6.3: Relative displacement damage for various particles and energies [167]. 
Particle Proton Proton Neutron Electron Electron 

Energy 1 GeV 50 MeV 1 MeV 1 MeV 1 GeV 

Relative 

damage 

 

1 

 

2 

 

2 

 

0.01 

 

0.1 

 

The displacement damage causes the following effects in the detector 

 1. Increased leakage current 

 2. Signal loss due to trapping because of reduced carrier life time 

 3. Change in the effective doping concentration increases the depletion voltage 

 

 The above factors result in the degradation of the energy resolution. The 

electronic effects of displacement damage are increase in generation current resulting in 

increased shot noise, recombination resulting in signal loss and charge buildup 

increasing the bias voltage required for full charge collection. 

 

6.5.2. Increase in the Leakage Current: 

 Increase in the detector leakage current due to displacement damage is caused by 

the radiation induced deep level defects that act as generation which is given by the 

equation (6.3) [168]  

VI eqo           (6.3) 

 where Φeq is the fluence of the incident particle, equivalent to 1 MeV neutron 

fluence and V is the detector volume in which the leakage current is measured and α is 

the damage constant. The value of damage constant is ~ 11.1 x 10-17 A/cm at -50oC [168] 

and for high resistivity silicon (2-8 kΩ-cm), it is in the range of 4 - 6 x 10-17 A/cm at 
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room temperature [151]. The change in the leakage current is shown to be independent of 

type of silicon material; low or high resistivity, p- or n- type and low concentration of 

carbon and oxygen impurities [152], as shown in figure 6.9.  

 
Fig. 6.9: Leakage current due to displacement damage as a function of particle fluence 
for different types of detectors [152]. 
 

 The measured leakage current varies exponentially with the detector operating 

temperature and the value of α is therefore generally normalized at room temperature. 

Therefore, the damage constant is a universal constant which does not depend on the 

material type and irradiating particle. It should be noted that the leakage current due to 

displacement damage strictly follows non ionizing energy loss scaling. The increase in 

the leakage current due to radiation damage (displacement damage) has same effect with 

temperature as that of non-irradiated detectors [169-170]. In both cases, the leakage 

current is originated by the thermal generation process. 
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6.5.3. Effect of Doping Concentration: 

 The change in the effective doping concentration (Neff) has been experimentally 

verified by many researchers [171-174] as a function of fluence Φ.  The empirical 

function of Neff for n-type silicon is given in equation (6.4) 

  A
c

Deff NeNN       (6.4) 

 where ND is the initial donor concentration, NA is the initial acceptor 

concentration, c is the removal rate of initial donors and β is the parameter accounting 

for acceptor like defects. The radiation induced acceptor defects have been measured for 

the n-type silicon diode where the initial doping concentration decreases progressively 

with received fluence until the diode inverts to p-type. After inversion, the Neff increases 

linearly with the fluence as shown in figure 6.10.  
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Fig. 6.10: Effect of doping concentration versus particle fluence [171]. 
 

 The value of Neff decreases with time until the minimum is reached after the 

irradiation and this is referred as beneficial annealing. The decay of active radiation 

induced acceptor sites back to neutral is believed to be responsible for the decrease in Neff 

value. The Neff starts increasing with time after the minimum value. This is due to the 
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creation of deep acceptor levels in the defects. This process is known as reverse 

annealing. Reverse annealing process is much slower than beneficial annealing.  

 

6.5.4. Charge Collection Efficiency: 

 The e-h pairs created by the ionizing radiation in the silicon bulk are collected in 

the detector electrodes by applying suitable bias voltage. The radiation induced defects 

introduce deep levels in the band gap of the silicon and acts as traps for the charge 

carriers. This effect increases the charge collection time. Subsequently if the detrapping 

time is larger than the signal processing time by the readout electronics, results in 

incomplete charge collection. The trapping effect results in the exponential decay of the 

number of charge carriers created as per the equation (6.5) 

  

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

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



 hetr

t

he eNtN ,
0


      (6.5) 

 where τtr,e-h is the charge carrier life time of electrons and holes. As long as the 

collection time is much lower than τtr,e-h  and the measurement time is longer than the 

collection time, the number of collected charge pairs is ~ N0. When the charge collection 

time is comparable with signal processing time, the reduction in the collected charge due 

to traps starts to be effective. Increase in the radiation level further increases the trap 

centers, reduces the charge collection efficiency and hence worsens the signal to noise 

ratio of the irradiated detector. 

 

6.5.5. Defects: 

 Silicon bulk crystals inherently possess imperfections or crystalline defects. The 

defects are classified in to various types such as point defects, line defects, two and three 
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dimensional defects or volume defects. The point defects usually happen in the localized 

regions of a crystal involving isolated atoms. The line defects involve rows of atoms 

such as dislocations. Volume defects in a crystal are known as bulk defects which 

include voids due to intrinsic and extrinsic point defects. There are different types of 

point defects that strongly affect the performance of the semiconductor device, which are 

classified as follows 

Vacancy: Created by the missing atom. 

Interstitial: Atom occupying interstitial site which is located in a non-lattice site. 

Frenkel defect pair: A complex formed by the host atom displaced from a lattice site to 

a nearby vacant interstitial site. 

Impurities: Defects involving impurities (foreign atoms), also referred as extrinsic 

defects. 

Substitutional: Impurity atom replacing the host atom. 

Antisite: It is a type of substitutional defect where a host atom occupies the site of 

another host atom. 

 

6.6. IONIZATION DAMAGE: 

 Ionization damage is also known as surface damage which is due to the ionizing 

energy loss in the SiO2 and Si - SiO2 interface resulting in increased surface leakage 

current in the detectors. The passage of ionizing radiation in the oxide layer causes 

charge build up of the trapped charges in the oxide layer of the detector. The e-h pair 

created in the oxide layer either recombines or moves in the oxide electric field. The 

electrons moves towards SiO2 - Si layer interface and holes towards the metallic contact. 

The highly mobile electrons escaped from the recombination are injected in to the silicon 

bulk and the less mobile holes trapped in the SiO2 - Si interface [175]. This results in the 
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increase of the positive charge in the oxide layer and thereby degrading the quality. In 

addition to the trapped charge, ionizing radiation also produces new energy levels in the 

band gap at the bulk and oxide interface. The schematic representation of the ionization 

damage is shown in figure 6.11.  

 
Fig. 6.11: Process of gate oxide under ionization radiation [175]. 
  

 Although the primary radiation damage depends on the absorbed energy, the 

resulting effect depends on the rate of irradiation. The effects of the radiation damage on 

the oxide and the surface damage are dependent on the specific detector design. 

 

6.7. THE NON IONIZING ENERGY LOSS (NEIL) SCALING HYPOTHESIS: 

 The proportionality between the non ionizing energy loss value and the damage 

caused by the particles is referred as NIEL scaling hypothesis. The NIEL scaling 

hypothesis is based on the assumption that the displacement damage is linearly 

dependent on the amount of energy imparted in displacing collisions which is 

independent of particle type. It is used to normalize the different radiation effects of 

various particles over large energy regions. Several experimental observations led to the 

assumption that the radiation damage produced in the silicon bulk due to the particle 

bombardment is proportional to the non ionizing energy loss.  
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 To compare the damage produced by different types of particles at various 

energies, the particle fluence   of particular irradiation is usually related to a reference 

value of 1 MeV neutrons (according to the ASTM - the international standards 

organization) by introducing a hardness factor and the 1 MeV equivalent particle 

fluence eq  is given in equation (6.6) 

 eq            (6.6)  

 The value of the hardness factor based on the NIEL scaling hypothesis is the ratio 

of damage displacement function  }{ ED for the particle with energy )(E to the 

displacement damage function of 1 MeV neutrons [176]. The hardness factor for 

different particles with energy spectra ϕ(E) by normalizing to that of 1 MeV neutron is 

given by the equation (6.7) 
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 The displacement damage function value caused by 1 MeV neutron is given in 

(6.8) 

  MeVmbMeVDn 951        (6.8) 

 Figure 6.12 shows the displacement damage functions for protons, neutrons, 

electrons and pions in the energy range of 10-4 MeV to 104 MeV [177-180]. From the 

above, one can see that the hardness factor is different for different types of particles. 

The 10 MeV proton equivalent radiation damage can be produced in the silicon detector 

with more than two orders of magnitude of 1 MeV electrons. There are experiments 

argue against the NIEL hypothesis [181-182]. Nevertheless, it is a useful tool for 

comparing the radiation damage due to various particles and energies in silicon detector. 
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Fig. 6.12: Hardness factor for various radiations [177-180]. 
  

 As discussed earlier, the semiconductor detector suffers from two types of 

damages. Some damages lead to catastrophic failure whereas the others show up as 

tolerable levels in the electrical parameters. In the later case, the radiation induced 

charges undergo redistribution and annihilation as time passes. The annealing in 

semiconductor device usually follows three different approaches namely rapid, slow and 

thermal annealing. In rapid annealing, it takes little time for device to recover from the 

damage and in case of slow annealing, it proceeds at room temperature. Thermal 

annealing takes places at elevated temperatures [183]. 

 

6.8. ESTIMATION OF TOTAL PROTON FLUENCE FOR CHANDRAYAAN-2 

MISSION:  

To estimate the expected particle fluence for the SDD onboard Chandrayaan-2 

Mission, we have used the Chandrayaan-1 orbital profile (initially planned orbital 
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parameters), assuming that the Chandrayaan-2 mission will also follow the same launch 

strategy. The Chandrayaan-1 original orbital profile has two sections: a transfer orbit 

from the Earth to Moon of ~ 7 days duration, and the 2 year circular orbit around the 

Moon at an altitude of 100 km. During the transfer orbit, the SDD detector onboard 

Chandrayaan-2 will encounter the trapped proton fluence in the Earth’s radiation belt. 

The proton belt is located around 500 km above the Earth and extends up to an altitude 

of 20,000 km.  

The fluence of trapped protons is estimated using the web-based European Space 

Agency (ESA) software suit SPENVIS (Space Environment Information System) [184]. 

In the estimation, we have adopted the AP-8 model of proton fluxes developed at 

NSSDC (National Space Science Data Center) of NASA/GSFC (Goddard Space Flight 

Center). The proton flux for each orbit is estimated individually and summed the proton 

flux for all orbits. The total estimated proton flux accumulated over the earth to moon 

transfer phase is ~ 7 x 1012 protons cm-2 in the energy range of 0.1 MeV to 400 MeV 

under solar maximum conditions. The proton flux obtained for one sample Earth transfer 

orbit using SPENVIS AP-8 model is shown in figure 6.13. The electron flux obtained for 

the same orbit using SPENVIS AE-8 model is shown in figure 6.14. 
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Fig. 6.13: Proton flux estimated using Ap-8 model for the Chandrayaan-1, Earth transfer 
orbit 299 km to 25481 km. 

 
Fig. 6.14: Electron flux estimated using AE-8 model for the Chandrayaan-1, Earth 
transfer orbit 299 km to 25481 km. 
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Similarly the flux is calculated for all earth bound orbits and thereby the total flux 

is estimated by adding the flux from individual orbits during the transfer orbit to the 

moon. Once the satellite reaches the moon orbit, the radiation damage to the SDD is 

mainly due to the solar protons throughout the mission life of 2 years. To estimate the 

solar proton flux, we have adopted the JPL-91 solar fluence model which, with a 

confidence level of 95%. This gives the total solar proton flux of ~ 5 x 1011 protons cm-2 

in the energy range of 0.1 MeV to 400 MeV after the transfer orbit for the maximum 

solar activity.  

 The rover payload APXS is expected to receive much lower radiation dose 

compared to that of XSM payload which is in the orbiter craft. The APXS payload is 

mounted under the rover chassis and the whole rover is stored inside the lander craft 

during the earth to moon transit and hence the SDD is shielded by thick layers of lander 

and rover structures. APXS instrument is planned with life time of only one lunar day (~ 

14 earth days) as there is no provision to control the rover subsystem environments 

during lunar night conditions where the temperatures could reach up to -200oC. Hence 

the SDD onboard APXS is expected to receive very minimal radiation and hence no 

performance degradation is expected.  

 In case of the XSM payload, the instrument packages are mounted on the orbiting 

satellite and expected to see the radiation environment during the earth to moon transfer 

and also in the lunar orbit during the operating phase. The XSM payload packages are 

made of aluminum and the estimated thickness of aluminum layer around the SDD is 

about 2 mm except the field of view (FOV) which is ~ 0.2 mm2. The FOV of the SDD 

onboard XSM is covered with 2 mm thick aluminum filter during the earth to moon 

transfer and also during the non operating conditions in the lunar orbit.  
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After estimating the total proton flux in the transfer and lunar orbit phases, the 

proton flux reaching the SDD is estimated using the non ionizing energy loss function in 

SPENVIS. The NIEL function in SPENVIS provides 10 MeV equivalent proton fluence 

for various shielding thicknesses. Using this function, the 10 MeV equivalent trapped 

and solar proton fluxes were estimated as a function of various aluminum shielding 

thicknesses as shown in figure 6.15. This reduces the proton fluence to ~ 3.4 x107 

protons/40 mm2 during the transit and to ~ 4 x 109 protons/40 mm2 during the in-orbit 

lunar operation for 2 mm thick aluminum shield. We used 60Co gamma ray chamber to 

simulate the proton induced radiation damage in the SDD as the particle accelerators are 

less accessible. The SDD irradiated using 60Co with photon energies of 1.17 MeV and 

1.33 MeV produces scattered Compton electrons having energies of a few hundred keV 

and these electrons cause displacement damage. 

 
Fig. 6.15: The estimated 10 MeV equivalent trapped and solar proton fluence for various 
aluminum shielding thicknesses.  

 

 The correlation between the damage due to a gamma ray induced electron to that 

of a 1 MeV electron is given in ref. [180]. Based on the NIEL scaling hypothesis, the 
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hardness factor of more than 2 orders of magnitude lower for electrons at 1 MeV 

compared to that of a proton with energy at 10 MeV [179]. The values of hardness factor 

for various particles and energies are reported in refs [178-180]. 

 

6.9. ESTIMATION OF COMPTON ELECTRON SPECTRUM WITH GEANT4 

SIMULATION: 

 GEANT4 simulation is carried out to estimate the scattered Compton electron 

interactions in a 40 mm2 area SDD. The SDD detector module is modeled with various 

materials as given by the manufacturer and the model is shown in figure 6.16.  

  
Fig. 6.16: SDD module modelled in GEANT4. 
 

 In the simulation, the SDD module is irradiated with gamma rays of 1.17 MeV 

and 1.33 MeV energies with total of 109 gamma ray photons as shown in figure 6.17. 

The Compton electron spectrum recorded for the given gamma interaction is shown in 

figure 6.18. This gives ~ 2.5 x 105 scattered Compton electron interactions with total 

energy of electrons is ~ 5.2 x 1010 eV, depositing a total dose of ~ 0.025 rads. The 

gamma ray chamber used in the irradiation experiment provides the dose of ~ 3.26 rads / 

s and to achieve this, ~ 3.3 x 107 electron interactions/second are required. 
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Fig. 6.17: GEANT4 simulation for 103 gamma ray photons using 60Co gamma ray 
source. 
  

 
Fig.6.18: Scattered Compton spectrum observed for 109 gamma ray photon interactions 
with SDD detector using GEANT4. 
 

 The 10 MeV equivalent total proton fluence of ~ 4 x 109 protons/40 mm2 

provides the cumulative dose of ~ 10 krad with each proton depositing ~ 5 MeV in a 450 

micron thick SDD. To achieve the same dose through gamma irradiation requires ~ 1 x 

1011 gamma induced Compton electron interactions. 
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6.10. GAMMA RAY AND X-RAY IRRADIATION: 

 As discussed earlier, the interaction of protons, neutrons, electrons and gamma 

rays leads to displacement damage in silicon detectors. The displacement damage due to 

neutron irradiation results in defect clusters and in case of gamma irradiation, the 

displacement damage is due to isolated single defects. The displacement damage due to 

charged particles and protons are caused by the defect clusters as well as isolated single 

defects. In the present study, the SDD modules VS0592 and VS0629 (both with 40 mm2 

are with 450 micron thick silicon) are irradiated with various gamma ray (60Co) and X-

ray (55Fe) doses to study any degradation in the spectroscopic performance and its 

suitability to use in the upcoming planetary mission. Gamma ray irradiation is carried out 

to study the space radiation effects on the SDD module and the degradation in the energy 

resolution. The gamma ray irradiation will also affect the characteristics of the electronic 

devices mounted inside the module along with the SDD chip as expected in the space 

environment. 

 The Solar X-ray Monitor (XSM) instrument onboard Chandrayaan-2 orbiter is 

expected to receive large intensities of solar X-rays during its operational period in the 

lunar orbit. In this regard, the X-ray irradiation using 55Fe is carried out to study the 

fluence level up to which the SDD detector provides stable energy resolution.   

 

6.10.1. Gamma Ray Facility and Experimental Procedure: 

 The gamma chamber facility established at ISRO Satellite Centre (ISRO-Indian 

Space Research Organization) which was installed by Board of Radiation and Isotope 

Technology (BRIT) was used for testing. The GC 900 gamma chamber was loaded with 

2 KCi of 60Co activity on commissioning and calibrated at the time of installation. 
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Presently, this gamma chamber provides the dose rate of ~ 3.26 rads/s. The schematic of 

the gamma ray irradiation experimental setup is shown in figure 6.19.  

 
Fig. 6.19:  Schematic representation of the cross sectional view of gamma ray irradiation 
chamber with 60Co (Courtesy BRIT). 
 

  The gamma chamber GC 900 is a motorized chamber with necessary shielding 

around the gamma source 60Co. The motor based mechanical driving system is used to 
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bring the sample mounted in the sample compartment in and out of the gamma radiation 

environment. The motor is controlled by a front panel where the irradiation timing 

duration can be set. In the gamma ray irradiation experiment, the SDD module mounted 

on a aluminum plate is (this assembly is part of the spectrometer) placed in a sample 

chamber by removing the cover. Subsequently, the irradiation time duration is set in the 

front panel based on the irradiation dose. During irradiation, the SDD module with 

aluminum plate is moved inside the lead (Pb) chamber to position the SDD module in 

the gamma ray radiation environment. After the set irradiation time, the motor based 

mechanism brings out the setup. Subsequently, the SDD module with aluminum plate is 

assembled with the readout electronics with necessary electrical interfaces. The SDD 

operating temperature is varied from room temperature to -40oC in steps of 10oC and 

measured the leakage current and the energy resolution. The leakage current is measured 

by counting the ramp signal frequency of CSPA with known value of feedback 

capacitance and the set ramps signal amplitude between -2 V to +4 V. Energy resolution 

is measured using 55Fe X-ray source. During these measurements, the room temperature 

is maintained at 20oC. This process is repeated for each desired gamma ray dose. This 

irradiation experiment was carried out over the period of ~ 5 days. Initially the 

irradiation dose level was aimed at 10 krad and subsequently extended to ~ 547 krad. 

SDD module is kept in passive mode (not powered) during irradiation. 

 

6.10.2. X-ray Irradiation Setup and Experimental Procedure: 

 In case of X-ray irradiation, the SDD module VS0592 is mounted on a 1mm thick 

aluminum wall which is part of the spectrometer system. The 55Fe X-ray source is fixed 

in a source holder made of copper which is intern fixed on a movable aluminum 

assembly. The distance between the detector and the X-ray source is variable to maintain 
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the X-ray fluence rate falling on the SDD module. The detector assembly and the source 

are aligned such that the total SDD detector area views the source. The X-ray irradiation 

experimental setup is shown in figure 6.20. The activity of the 55Fe source used in the 

irradiation is ~ 5 mCi. It is essential to estimate the X-ray fluence in order to determine 

the actual dose received by the SDD module under the test. Measuring the X-ray count 

rates by acquiring the spectral data is practically not feasible using the spectrometer 

system when the count rate exceeds 105 counts/s. Alternately, the fluence is estimated by 

counting the ramp signal frequency by placing 55Fe source at a desired distance from the 

SDD module. The 55Fe source has two X-ray lines with energies at 5.9 keV and 6.5 keV 

with the intensity of 83% and 17% respectively. With the known value of feedback 

capacitance and the set ramp signal amplitude, one can estimate the X-ray fluence. 

 
Fig. 6.20:  X-ray irradiation experimental setup using 55Fe X-ray source [153]. 
 

 The distance between the SDD module and the X-ray source is adjusted such that 

the ramp signal frequency is ~ 9 kHz which is equal to the irradiation fluence rate of ~ 2 

x 106 photons/40 mm2 area SDD. The ramp signal frequency due to leakage current at - 

40oC before irradiation is < 2 Hz which is negligible compared to the 9 kHz due to the 

X-ray photons. The same fluence rate is maintained throughout the irradiation 

measurements by changing the source to detector distance at the desired time intervals by 
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counting the ramp signal frequency. It is experimentally verified that the ramp signal 

frequency increases by ~ 1 Hz for the incident X-ray rate of ~ 220 photons/s for the 

given ramp signal amplitude at -40oC. This has been confirmed through independent 

measurements and also verified theoretically (discussed in chapter-5). 

 The irradiation time is estimated for the desired X-ray doses. After the each 

desired dose, the source is removed from the experimental setup and subsequently, the 

leakage current and the energy resolution is measured for various detector operating 

temperatures ranging from 20oC to -40oC in the steps of 10oC. The room temperature is 

maintained at 20oC during the measurement. The experimental results are discussed in 

the next section. The irradiation is carried out in passive mode i.e., without powering the 

SDD module and the spectrometer system. The spectrometer system is powered at the 

desired time intervals to keep track of X-ray photon fluence. 

 

6.11. EXPERIMENTAL RESULTS:  

6.11.1. Spectrometer Pperformance before Irradiation: 

 The leakage current and the energy resolution are measured for both the SDD 

modules (VS0592 and VS0629) before gamma ray and X-ray irradiations. The measured 

value of feedback capacitance for these SDD modules are 66 fF and 60 fF respectively 

(as discussed in chapter-5). The measured leakage current is shown to be varying from ~ 

0.1 pA at -40oC to ~ 70 pA at 10oC for the SDD module VS0592 and incase of VS0629, 

the leakage current varies from ~ 0.3 pA to ~ 300 pA when the SDD temperature is 

varied from -40oC to 10oC. The measured value of feedback capacitance and the leakage 

current for the SDD modules (VS0592, VS0629) used for the irradiation tests are given 

in table-6.4.   
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Table-6.4: Measured values of feedback capacitance and leakage current of the SDD 
modules before irradiation tests.  

SDD 

module 

Feedback 

capacitance 

Leakage current at 

 -40oC 

Leakage current at 

10oC 

VS0592 ~ 66 fF ~ 0.1 pA ~ 70 pA 

VS0629 ~ 60 fF ~ 0.3 pA ~ 300 pA 

  

 The measured energy resolution is shown to be varying from ~ 150 eV at 5.9 keV 

for the pulse shaping time of ~ 3.3 µs at -40oC to ~ 180 eV at -10oC for the SDD module 

VS0592. For the SDD module VS0629, the energy resolution is ~ 160 eV at -40oC and 

increases to ~ 260 eV at -10oC. The spectral characteristics of the SDD module VS0592 

is found to be superior compared to VS0629. The energy resolution as a function of 

temperature for both the SDDs is shown in figure 6.21.  

 
Fig. 6.21: Energy resolution measured for both the SDD modules (VS0592 and VS0629)  
before irradiation for various detector operating temperatures.  

 

 Energy resolution is also measured by changing the time constant of the pulse 

shaping amplifier (shaping time), to detemine the optimal pulse shaping time. It is 
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observed that the developed SDD based X-ray spectrometer provides best energy 

resultion for the pulse peaking time of ~ 3.3 µs. Figure 6.22 shows the measured energy 

resolution for various shaping time constants of 0.15 µs, 0.4 µs, 1 µs, 3.3 µs and 10 µs 

for two different operating temperatures though the measurement is done for the 

temperature range of 20oC to -40oC. 

 
Fig. 6.22: Energy resolution measured for various shaping time constants at two 
temperatures for both VS0592 and VS0629 SDD modules [153]. 

 

6.11.2. Performance after Gamma Ray Irradiation: 

 It is shown in the earlier section that the 40 mm2 area SDD is expected to receive 

the total cumulative dose of ~ 10 krad at the end of life (EOL) of the XSM instrument. It 

is essential to quantify the performance degradation of the SDD based X-ray 

spectrometer for these doses to meet the desired performance till EOL period.  The space 

radiation will also affect the electronic components inside the SDD module. The SDD 

module VS0629 is irradiated with gamma rays in the passive mode with fluence rate ~ 

3.23 x 107 gamma induced scattered Compton electron interactions/s. The initial 
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irradiation test is targeted up to 10 krad in steps for Chandrayaan-2 mission requirement. 

Later the irradiation test is extended up to ~ 547 krad to quantify the performance for 

higher radiation levels. After each desired radiation dose, the leakage current and the 

energy resolution is measured. The measured leakage current is ~ 0.35 pA at -40oC, ~ 50 

pA at 0oC and ~ 450 pA at 20oC for the gamma ray dose of 10 krad and at ~ 547 krad, 

the leakage current increased to ~ 4 pA at -40oC, ~ 80 pA at 0oC and 1 nA at 20oC as 

shown in figure 6.23.  

   
Fig. 6.23: Leakage current measured for various gamma ray doses versus detector 
operating temperatures [153].  
 

 It is also observed that the change in the magnitude of the leakage current is 

higher at lower detector operating temperatures compared to higher detector operating 

temperatures. Leakage current is also measured 4 months after irradiation by preserving 

the SDD module in the laboratory environment and found that the increase in the leakage 

current is ~ 40 pA at ~ -20oC compared to the leakage current measured just after 

irradiation of ~ 547 krad. The measurement is limited to the detector operating 

temperature of -20oC as the SDD module could not be cooled below -20oC even though 



198 
 

the Peltier cooler consumes rated maximum power. This could be due to the degradation 

of Peltier cooler efficiency with the gamma ray irradiation. The increase in the leakage 

current could be due the irreversible damage to the SDD and the internal FET. It is 

observed that there is no significant degradation in the energy resolution (shaping time 

3.3 µs) for the gamma ray doses up to 3 krad, and the energy resolution degrades to ~ 

210 eV at 10 krad which is expected during the Chandrayaan-2 life time of two years. 

The energy resolution degrades to ~ 250 eV at 100 krad and ~ 340 eV at 547 krad for the 

detector operating temperature of ~ -40oC as shown in figure 6.24.  

  
Fig. 6.24: Measured energy resolution for various gamma ray doses versus detector 
operating temperatures [153].  
 
  

 The energy resolution is measured for various pulse peaking time constants 

before gamma ray irradiation and compared with the energy resolution measured after 

547 krad at -20oC. It is shown that the energy resolution after the gamma ray dose of 547 

krad is worse than the energy resolution measured at 0oC before irradiation as shown in 

figure 6.25. Energy resolution is also measured for the pulse shaping time of ~ 3.3 µs 
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during the gamma ray irradiation and shown that the energy resolution degrades 

systematically with absorbed dose as shown in figure 6.26. 
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Fig. 6.25: Measured energy resolution for various detector operating temperatures and 
compared with gamma ray dose of 547 krad at -20oC.  

 
Fig. 6.26: Energy resolution measured before and after gamma ray irradiation for the 
detector operating temperature of -20oC (4M - four months after gamma ray irradiation) 
compared with before irradiation at -40oC [153]. 
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 The energy resolution of the detector is compared for the operating temperature 

of -20oC as the SDD module could not be cooled to lower temperatures though the 

energy resolution is measured at -40oC before and during the irradiation tests. The Solar 

X-ray Monitor instrument is designed with pulse shaping time of ~ 0.8 µs to 

accommodate the count rates close to ~ 70 kcts/s with energy resolution of ~ 200 eV at 

5.9 keV. At 0.8 µs shaping time, the degradation in the energy resolution could be 

around 210 - 220 eV after 10 krad. This meets the requirement of energy resolution of 

XSM which is < 250 eV till EOL. In case of APXS, the SDD is expected to receive 

much lower dose as the instrument is well shielded by the lander craft during the transit 

and shorter operating life on the lunar surface. Rover chassis also provides additional 

shielding. 

 

6.11.3. Performance after X-ray Irradiation: 

 The Solar X-ray Monitor onboard Chandrayaan-2 mission is expected to receive 

high intensities of solar X-rays during its in orbit operation as this instrument is meant to 

provide real time solar X-ray spectrum to the companion instrument. In this direction, the 

SDD module VS0592 is subjected to various X-ray doses up to 64 krad in steps. The X-

ray dose is applied in passive mode (without powering the SDD module and the readout 

electronics) with fluence rate of ~ 2 x 106 photons/40 mm2. At each X-ray dose, the 

leakage current is measured by counting the ramp signal frequency and also the energy 

resolution for the shaping time of 3.3 µs. It is observed that there is no significant change 

in the leakage current and the energy resolution for the detector operating temperatures < 

0oC as shown in figure 6.27. It is also observed that there is appreciable change in the 

leakage current and the energy resolution when the X-ray dose is increased from 30 krad 

to 64 krad for the detector operating temperatures > 0oC. 
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Fig. 6.27: Leakage current measured for various X-ray doses versus detector operating 
temperature [153]. 
 

 Energy resolution degrades from ~ 340 eV to ~ 410 at 10oC and from ~ 500 eV to 

~ 620 eV at 20oC when the X-ray dose is increased from 30 krad to 64 krad as shown in 

figure 6.28.  
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Fig. 6.28:  Measured energy resolution (shaping time 3.3 µs) for various X-ray doses 
versus detector operating temperatures (Energy resolution is plotted for fewer doses for 
clarity). 
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 This shows that the radiation damage is sensitive to temperature. The SDD 

module VS0592 is irradiated with total fluence of ~ 2 x 1013 photons/40 mm2 to get 64 

krad cumulative dose on the silicon bulk. The energy resolution versus leakage current 

plot confirms the result presented in chapter-5, the potential use of leakage current as a 

calibration tool for onboard applications. 
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Fig. 6.29:  Leakage current versus energy resolution for various X-ray doses. 

 

 This measurement confirms the earlier reported X-ray irradiation [185] on similar 

SDD detector with active area of 5 mm2 irradiated with Mo-K, 18 keV X-ray photons for 

over several years in active mode for the fluence of 1013 photons and shown no 

degradation in the energy resolution.  
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6.12. NOISE PERFORMANCE OF THE SPECTROMETER: PRE AND POST 

IRRADIATION TESTS: 

6.12.1. Introduction to System Noise: 

 The energy resolution (FWHM) of the SDD based X-ray spectrometer depends 

on the charge carrier fluctuation during the photon interaction and the base line noise 

associated with the readout electronics. The charge carrier fluctuation is defined using 

Fano factor, which is also known as intrinsic energy resolution of the detector. The Fano 

factor for silicon detector is ~ 0.11 and the intrinsic energy resolution is ~ 120 eV at 5.9 

keV [25]. The intrinsic energy resolution is due the lattice vibrations, quantized as 

photons whose excitation energy is much smaller (meV) than the band gap energy (eV). 

Therefore, many such excitations are involved and hence introduce statistical 

fluctuations in the signal charge.  

 In addition to the statistical fluctuations in the charge carrier generation, the 

readout electronics noise introduces the base line fluctuations which are superimposed on 

the signal and thereby altering the peak signal amplitude. The base line noise has random 

amplitude and time distributions and hence the base line noise alters the signal amplitude 

with time dependence. The schematic representation of signal, base line noise and the 

resultant signal is shown in figure 6.30.  

 
Fig. 6.30: Signal and base line fluctuation for small signal variance and large base line 
noise fluctuation [170]. 
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 The base line fluctuations are due to various factors such as artifacts due to 

imperfect readout electronics, interference from external sources, non optimized layout 

designs etc. In optimized spectrometer systems, the peak signal amplitude fluctuates 

above the average noise value and hence can be detected as a valid signal. Various 

charge readout techniques in recent years aimed to improve the signal to noise ratio by 

modifying the signal characteristics and hence the noise. In semiconductor detectors, the 

base line noise of the readout electronics is thought to be defining the system energy 

resolution. But in recent years, the advancement in the readout electronics systems, the 

energy resolution close to the intrinsic energy resolution is achieved [81]. For example, 

SDD with inbuilt FET or SDD with ASIC based readout as discussed in the chapter 3.  

 

6.12.2. Basic Noise Mechanisms: 

 The current flown through the sample bounded by two electrodes depends on the 

number of charge carriers (n), their velocity (v) and the detector length (l). The induced 

current detected at the readout electrode is given in equation (6.9). 

l
nevI           (6.9) 

 There are two mechanisms contribute to the total noise, one is velocity 

fluctuation (e.g. thermal noise) and the charge carrier number fluctuations (e.g. short 

noise or 1/f noise). The fluctuation in the current is given by the total differential where 

the two terms are added in quadrature, which is given in equation (6.10) 

22
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
  dn

l
evdv

l
nedI     (6.10) 

 The two terms, velocity fluctuation and the number fluctuation are statistically 

uncorrelated and hence contribute to the total noise. The velocity fluctuation is due to the 
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thermal motion and known as thermal noise. The thermal noise is a white noise source 

and hence the power spectral density ie., the power per unit bandwidth is constant. The 

charge carrier number fluctuations occur in many circumstances such as carrier flow 

limited by the emission and the probability of carrier crossing the barrier is independent 

of other carriers being emitted. This current fluctuation noise is known as shot noise 

which also has white spectrum and hence the power spectral density is constant as given 

in (6.11) and (6.12).  

.
2

const
df

dVn          (6.11) 

  or 

.const
df
dPn          (6.12) 

  

6.12.2.1. Thermal Noise: 

 Thermal noise in the resistor is the most common example of noise due to the 

velocity fluctuations. Thermal noise is also known as Johnson noise or Nyquist noise. 

This is due the thermal excitation of the charge carriers. The white spectral noise is 

proportional to the absolute temperature. Transforming the current fluctuations from time 

domain to frequency domain yields the spectral noise power density versus frequency 

which is given in equation (6.13) 

kT
df
dPn 4         (6.13) 

 where k is Boltzmann constant and T is the absolute temperature. The respective 

spectral noise voltage and current densities are given in equations (6.14) and (6.15). 
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        (6.15) 

 The total noise is obtained by integrating over the desired frequency range or 

system bandwidth. The integrated voltage noise at the output of the amplifier is given in 

equation (6.16) with frequency dependent gain A(f) 





0

222 )( dffAev ntn       (6.16) 

 The total noise increases with increase in the bandwidth. For smaller bandwidth 

amplifiers, the signal rise time is longer and hence limits the measurement rate with low 

noise. The amplifier with large bandwidth has fast signal rise time accommodating high 

measurement rate with increased noise contribution. The amplitude of the noise 

distribution is Gaussian and hence the noise superimposed with the signal also yields 

Gaussian distribution.  

 

6.12.2.2. Short Noise: 

 Short noise is also known as current noise which is the most commonly used 

example for carrier fluctuations. The spectral density of the shot noise is given in 

equation (6.17) 

Iqi en 22          (6.17) 

 The spectral density of the short noise is proportional to the average current I. 

where qe is the electronic charge. The criterion for shot noise is that the carriers are 
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injected independent of one another. The current through the ohmic contact does not 

carry short noise as the fluctuation in the charge carrier is compensated by the additional 

carriers in the field where the fluctuation is initiated.  

   

6.12.2.3. Flicker Noise: 

 Flicker noise is commonly referred as 1/f noise. This arises usually due to traps in 

the semiconductor which is due to imperfections in the crystal where the charge carriers 

are trapped and released after some period. This noise phenomenon is the least 

understood. This leads to frequency dependent spectrum as given in equation (6.18)    

fdf
dPn 1

         (6.18) 

 where α typically varies from 0.5 to 2. 

 

6.12.2.4. Detector Capacitance and Signal to Noise Ratio: 

 The noise manifests in the form of voltage or current fluctuations. The signal 

needs to be represented in the form of voltage or current for the purpose of comparison 

even though the signal from the detector is in the form of charge. The simple detector 

model shown in figure 6.31 has the detector capacitance Cdet with input resistance of the 

readout amplifier Ri with input capacitance of Ci. The input time constant of the 

schematic is Ri (Cdet + Cin) and when the time constant is larger compared to the duration 

of the current pulse, the signal charge is integrated in to the input capacitance yielding 

the voltage signal output Vo = Qi / (Cdet + Cin). Then the signal to noise ratio is given in 

equation (6.19). 
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 where Qi is the input charge. The peak amplitude of the signal is inversely 

proportional to the total input capacitance which is the sum of detector capacitance, input 

capacitance of the amplifier and the stray capacitances. This relationship holds when the 

time constant is ten times greater than the current pulse width and this is general feature 

that is independent of amplifier type. 

 
Fig. 6.31: Schematic representation of the detector capacitance and the charge readout 
amplifier. 

  

 In case of charge sensitive amplifier, the feedback cannot improve the signal to 

noise ratio, although the voltage signal output is constant. The signal charge to noise 

charge ratio is given in equation (6.20) 
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          (6.20) 

 The feedback capacitance (Cf) increases the noise due to increase in the total 

capacitance and hence the feedback capacitance should be kept as small as possible. In 

short, the signal to noise ratio is independent of whether the voltage, current or charge 

signal is sensed and S/N ratio cannot be improved by using feedback. 
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6.12.2.5. Noise in JFET: 

 The noise sources in junction field-effect transistors are due to leakage current in 

the gate, thermal noise in the channel, gate resistance and the flicker noise in the channel. 

The gate leakage current is very small when the JFET is used in the spectroscopic 

applications and this current is generated due to reverse bias junction. The channel 

resistance can be expressed in the form of transconductance gm and this gives at the 

drain, a noise current with spectral density. The noise coming from the JFET is mainly 

due to the gate resistance and the channel conductance. The noise voltage power spectral 

density is given in equation (6.21) 
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 where gm is the transconductance of the JFET, Rg is the gate resistance and Γ is 

the excess noise parameter must be characterized for a given technology. Any change in 

the channel property will lead to change in the transconductance and hence the noise 

contribution. The value of transconductance can be estimated using the following 

relation given in equation (6.22)  
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 where Cox is the capacitance of the oxide layer and Ids is the drain current and 

W/L is the transistor width/length. 

 

6.12.2.6. Pulse Shaping and Noise: 

 The preamplifier converts the charge from the detector in to voltage signal. This 

voltage pulse is passed through the pulse shaping amplifier to improve the signal to noise 
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ratio by restricting the signal bandwidth. The pulse shaping transforms the narrow pulse 

in to a broader pulse. The time taken to achieve the maximum signal amplitude is known 

as peaking time. The pulse amplifier is generally designed with high pass filter known as 

differentiator, which defines the fall time of the pulse. This pulse is then passed through 

the low pass filter which defines the rise time. The combination is known as CR-RC 

pulse amplifier or CR-RC shaper. To achieve the near Gaussian pulse, it is necessary to 

increase the number of RC stages. It is also important to constrain the pulse width so that 

the successive signal pulses can be measured without the overlap and also to allow the 

maximum possible signal rate. Increase in the signal rate increases the noise. Hence, one 

has to select the optimal shaping time and the signal bandwidth based on the application. 

 

6.12.3. Equivalent Noise Charge (ENC): 

 The most important feature limiting the performance of the spectrometer system 

is its inherent noise level. Noise is a measurable quantity and can be expressed in many 

ways. The signal to noise ratio indicates the ratio between the signal and the rms noise 

for the specific type of event. As most of the radiation detectors rely on the measurement  

of charge carriers produced by the ionization events and hence the most commonly used 

parameter to characterize the noise performance is by means of Equivalent Noise Charge 

(ENC). The ENC is defined as the input charge that produces the output signal amplitude 

equal to rms value of noise. It is the minimum charge detectable by the system, making 

the signal to noise ratio to 1. One can estimate the overall ENC of the spectrometer 

system by measuring the energy resolution. The energy resolution of the spectrometer 

system, expressed as Full Width at Half Maximum (FWHM) which is due to the 

statistical fluctuation in the number of e-h pairs created by the incident photon (Fano 

noise), detector leakage current and the noise contributed by the readout system. The 
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measured energy resolution is the quadrature sum of FWHM due to Fano statistics and 

the FWHM due to electronic noise [186], which is given by the equation (6.23) 

)()()( 22 fFWHMenFWHMmFWHM     (6.23) 

 where FWHM (m) is the measured energy resolution, FWHM (en) is the energy 

resolution contributed by the electronics noise and FWHM (f) is the energy resolution of 

the detector due to Fano statistic. The Fano noise sets the lowest limit of spectrometer 

energy resolution, which is given by (6.24) 

FEfFWHM 355.2)(        (6.24) 

 where ε is the e-h pair production energy (3.6 eV for silicon at room 

temperature), F is the Fano factor (~ 0.11 for silicon) and E is the energy of the absorbed 

photon. This gives the theoretical limit of ~ 120 eV for the detector based on silicon for 

the incident energy of Mn Kα line with energy of 5.9 keV. The energy resolution due to 

electronics noise is given by (6.25) 

ENCenFWHM  355.2)(      (6.25)  

 By substituting the values of Fano noise and the electronics noise in equation 

(3.1), the equivalent noise charge in electrons rms of the spectrometer system can be 

derived, which is given by (6.26)  
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 The noise contribution by the first stage of the charge readout is the main source 

of noise as this part of the electronics circuit is directly interfaced with the detector. The 

subsequent signal processing electronics bandwidth can be optimized for improving the 

signal to noise ratio to achieve the better energy resolution.  The equivalent noise charge 

contributed by the detector and the first amplification stage is given in equation (6.27), 
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which has three terms of electronic noises, the serial white noise, 1/f noise of the JFET 

associated with the detector and the parallel short noise associated with the detector 

leakage current [79]. 


 32

2
1

2 21
3
4 AqIACaAC

g
kTENC oTfT

m
ele    (6.27) 

 where k is the Boltzmann’s constant, T is the operating temperature, gm is the 

transconductance of the JFET, af is the constant parameterizing the 1/f noise of JFET, q 

is the charge of the electron, τ is the pulse shaping time and A1-A3 are the noise 

coefficients (shape factors) which varies with the shape of the pulse. The shape factors 

characterize the type of the shaper such as CR-RC or CR-(RC)2 or CR-(RC)4. The shape 

factors depend on the ratio of time constant τd (differentiator) and τi (integrator), rather 

than the absolute magnitude of the signal.  The first term combines all the noise 

voltage sources and decreases with shaping time. The second term is the contribution of 

excess 1/f noise and increases with total capacitance which is the sum of the detector 

capacitance, feedback capacitance, JFET input capacitance and other parasitic 

capacitances exists at the input of the charge readout circuit [79]. The third term 

combines all the noise current sources and increases with shaping time. The generic plot 

indicating the noise sources and their contribution in terms of equivalent noise charge is 

shown in figure 6.32.  

 The serial white noise and the 1/f noise depends strongly on the total capacitance 

(CT) at the input of charge readout system, the parallel noise is mainly determined by the 

magnitude of the leakage current. Any increase in the detector leakage current due to 

temperature or radiation damage will result in poor energy resolution at higher pulse 

shaping time constants. Increase in the total capacitance at the input of the spectrometer 

system increases the 1/f noise and also the serial white noise. Decrease in the 
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transconductance increases the serial noise and hence degrades the energy resolution at 

lower pulse shaping time constants [187-188]. By measuring the energy resolution for 

various shaping times, before and after irradiation; one can estimate the noise 

contribution due leakage current, JFET and the total input capacitance on the 

spectrometer system resolution. It is also possible to optimize the shaping time for low 

noise performance where parallel and series noise components are equal. 

 
Fig. 6.32: Total equivalent noise charge and the contribution of series, parallel and 1/f 
noises [170]. 

 

6.12.4. Noise Performance before Irradiation: 

The energy resolution is measured for both the SDD modules (VS0592 and 

VS0629) before irradiation for various pulse shaping time constants (0.15 µs, 0.4 µs, 1 

µs, 3.3 µs and 10 µs) in the temperature range of +20oC to -40oC. The ENCrms of the 

spectrometer system with these SDD modules is derived using equation (6.28) from the 

measured energy resolution. It is shown that the ENCrms varies from ~ 10 electrons rms at 

-40oC to ~ 15 electrons rms at -10oC for the SDD module VS0592 and varies from ~ 12 

electrons rms at -40oC to 27 electron rms at -10oC as shown in figure 6.33. It can be 

clearly seen that the ENC increases with increase in detector operating temperature at 
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higher shaping time constants which is due to increase in detector leakage current. The 

same effect is expected for the SDDs with radiation damage which is quantified in the 

subsequent subsections with gamma ray and X-ray irradiation. At lower pulse shaping 

time constants, the increase in ENC is due to the combined effect of change in the gm and 

CT with the operating temperature. In the present study, the change in the value of gm 

could not be quantified individually as the FET is part of the SDD module and do not 

have access to the FET terminals for independent investigation for its characterization 

which includes temperature and the radiation effects.  Hence we have used the C2
T/gm 

ratio to quantify the change in the gm and CT with temperature and also with radiation. 

 
Fig. 6.33: Equivalent noise charge measured at 5.9 keV for various shaping time 
constants with temperature for both VS0592 and VS0629 SDD modules before 
irradiation [153]. 

   

 The value of gm is about 2.5 mS (obtained from the manufacturer through private 

email communication) The value of C2
T/gm is derived assuming af = 1 x 10-14, shape 

factors A1 = 1.28, A2 = 0.426, A3 = 3.412 [189] and using the measured leakage current. It 

is shown that the ratio changes from ~ 1 x 10-21 to ~ 1.42 x 10-21 for the SDD module 

VS0629 when the operating temperature is increased from -40oC to -10oC. In case of 
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VS0592, the ratio changes from ~ 0.8 x 10-21 to ~ 1.03 x 10-21 for the same operating 

temperature range.  

 

6.12.5. Noise Performance after Gamma Ray Irradiation: 

The gamma ray irradiation affects the electronic devices mounted inside the 

module along with the detector SDD chip and hence the energy resolution. To quantify 

the radiation damage to the SDD chip and the internal JFET in terms of ENC, the energy 

resolution is measured for various pulse shaping time constants before and after 

irradiation (four months after 547 krad).  The value of ENC is derived from the measured 

energy resolution is shown in figure 6.34.  

 
Fig. 6.34: ENC measured before and after gamma ray irradiation for a detector operating 
temperature of -20oC (4M - four months after gamma ray irradiation) [153]. 
 

 The value of C2
T/gm ratio is derived from the fit parameters and shown that the 

ratio increases from ~ 1.34 x 10-21 to ~ 2.52 x 10-21 for the operating temperature of -

20oC after the gamma ray dose of ~ 547 krad.  This shows that there is significant 
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radiation damage to the SDD which is shown in the form of increase in leakage current 

and the change in the JFET characteristics from C2
T/gm ratio value before and after 

gamma ray irradiation. The ENC before and after gamma ray irradiation for a detector 

operating temperature of -20oC is shown in figure 6.35 and figure 6.36.  

    
Fig. 6.35:  The ENC in rms electrons derived from the measured energy resolution 
before irradiation for a detector operating temperature of -20oC [153].  

  
Fig. 6.36:  The ENC in rms electrons derived from the measured energy resolution after 
irradiation for a detector operating temperature of -20oC [153].  
 



217 
 

 It is also shown that there is a systematic increase in the ENC with various 

gamma ray doses for a pulse shaping time of ~ 3.3 µs indicating in increase in detector 

leakage current with gamma ray dose. 

 

6.12.6. Noise Performance after X-ray Irradiation: 

 The value of ENC is derived from the measured energy resolution after the X-ray 

dose of 64 krad for various pulse shaping time constants with different SDD operating 

temperatures. It is shown that there is no significant change in the ENC for the detector 

operating temperature of ~ -40oC. It is also observed that there is a systematic increase in 

the ENC at higher and lower shaping time constants with temperature as shown in figure 

6.37.  

   
Fig. 6.37:  Equivalent noise charge measured before and after X-ray irradiation for three 
different SDD operating temperatures [153]. 
  

 It is observed that there is no increase in leakage current at -40oC and the leakage 

current increased from ~ 5.1 pA to ~ 5.7 pA at - 10oC and ~ 61.2 pA to ~ 77.6 pA at 
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10oC.  The C2
T/gm ratio is ~ 0.8 x 10-21, ~ 1.03 x 10-21 at - 40oC and -10oC respectively 

and it increased from ~ 1.16 x 10-21 to ~ 1.44 x 10-21 at 10oC for the X-ray dose of 64 

krad.    

 

6.13. SUMMARY: 

 The SDD modules planned for Chandrayaan-2 mission has been tested to 

quantify any performance degradation due to space radiation using gamma rays. It is 

shown that there is no degradation in the energy resolution up to 3 krad and the 

resolution degrades to ~ 210 eV at 5.9 keV for the gamma ray dose of 10 krad. This 

meets the Chandrayaan-2 performance requirement at the end of 2 year mission life. The 

extended irradiation tests show that the energy resolution degrades to ~ 250 eV at 100 

krad for the life time of ~ 20 years. At 547 krad, the energy resolution degrades to ~ 340 

eV. From these measurements, it is shown that there is a significant radiation damage to 

the internal JFET which is quantified using ENC equation. The radiation damage to the 

internal JFET and the total input capacitance is quantified using measured leakage 

current and shown that C2
T/gm ratio increases from  ~ 1.34 x 10-21 to ~ 2.52 x 10-21 for the 

operating temperature of - 20oC after the gamma ray dose of ~ 547 krad. Performance of 

the SDD based X-ray spectrometer is also tested for various X-ray doses as the XSM 

experiment is expected to detect the Solar X-rays continuously. The SDD module is 

irradiated for the X-ray dose up to 64 krad and shown that there is no degradation in the 

energy resolution for the detector operating temperature of -40oC. The total fluence is ~ 2 

x 1013 photons/40 mm2 which corresponds to ~ 64 krad of X-ray dose. 
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Chapter 7:  

SUMMARY AND FUTURE PLAN 

7.1. SUMMARY OF THE RESEARCH WORK: 

 The SDD based X-ray spectrometer has been developed using commercial 

equivalent of space qualified components. It is shown that the developed spectrometer 

provides energy resolution of ~ 150 eV at 5.9 keV when the SDD is cooled to ~ -40oC 

for the pulse peaking time of ~ 3.3 µs. This meets the performance requirement of APXS 

instrument. The energy resolution of the developed spectrometer is measured for various 

pulse shaping time constants to identify the suitable pulse shaping time for the XSM 

experiment. Also, it is essential to accommodate count rates close to ~ 105 counts/s with 

reasonably good energy resolution of ~ 200 eV at 5.9 keV which is required for the XSM 

experiment. Based on the experimental results, it is decided to have pulse shaping time 

of ~ 0.8 µs which gives stable energy resolution and peak energy position up to ~ 70 

kcts/s. The spectrometer performance is also characterized for various detector operating 

temperatures, pulse shaping time constants and for various incident X-ray rates (using X-

ray source and X-ray gun). In both the instruments, the low energy threshold of < 1 keV 

has been achieved. 

 In this research activity, a new and simple technique for measuring the leakage 

current in SDDs is proposed. The measurement technique involves by simply counting 

the ramp signal frequency at the output of CSPA with known values of charge 

integrating feedback capacitor and the ramp signal amplitude. The value of feedback 
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capacitance is estimated by independent measurements and the ramps signal amplitude is 

fixed electrically in the CSPA. The measured value of feedback capacitance is shown to 

be varying from ~ 60 to 66 fF among the SDD modules under the test. Using this 

technique, the leakage current is measured for large sample of SDDs having two 

different active area of 40 mm2 and 109 mm2 for various detector operating 

temperatures. Simultaneously, the energy resolution is also measured for all the SDD 

modules at each point of leakage current measurement. It has been shown that the energy 

resolution is ~ 150 eV at 5.9 keV for the detector leakage currents < 1 pA and changes to 

~ 200 eV at 10 pA and ~ 400 eV at 100 pA. For the leakage currents < 1 pA, the 

electronics noise determines the energy resolution and at higher leakage currents, the 

leakage current is dominant. Using this technique, one can estimate the performance 

degradation of the space - borne SDD based X-ray spectrometer where the detector is 

expected to encounter very hostile space radiation environment. The radiation damage to 

the SDD leads to the increase in the leakage current and hence its energy resolution. This 

technique takes care of only the radiation damage to the SDD. It is expected that the 

components used in the readout electronics should be of space qualified in nature with 

certain dose levels. Any degradation to the electronic chain can be quantified separately 

by means of electronic calibration. The measured leakage current is also compared with 

theoretical values and shown to have good correlation with difference values of device 

constant ranges from ~ 1.5 to 2. 

 The SDD modules planned for Chandrayaan-2 mission has been tested to 

quantify any performance degradation due to space radiation using gamma rays. It is 

shown that there is no degradation in the energy resolution up to 3 krad and the 

resolution degrades to ~ 210 eV at 5.9 keV for the gamma ray dose of 10 krad. This 

meets the Chandrayaan-2 performance requirement at the end of 2 year mission life. The 
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extended irradiation tests show that the energy resolution degrades to ~ 250 eV at 100 

krad for the life time of ~ 20 years. At 547 krad, the energy resolution degrades to ~ 340 

eV. From these measurements, it is shown that there is significant radiation damage to 

the internal JFET which is quantified using ENC equation.  The radiation damage to the 

internal JFET and the total input capacitance is quantified using measured leakage 

current and shown that C2
T/gm ratio increases from  ~ 1.34 x 10-21 to ~ 2.52 x 10-21 for the 

operating temperature of -20oC after the gamma ray dose of ~ 547 krad.  

 Performance of the SDD based X-ray spectrometer is also tested for various X-

ray doses as the XSM experiment is expected to detect the Solar X-rays continuously. 

The SDD module is irradiated for the X-ray dose up to 64 krad corresponding to the total 

fluence of is ~ 2 x 1013 photons/40 mm2 and shown that there is no degradation in the 

energy resolution for the detector operating temperature at -40oC.  

   

7.2 FUTURE PLAN: 

 The development of SDDs using silicon planar technology has reached to a level 

of some maturity in the last few decades. The SDD charge readout techniques has been 

improved vastly over last decade with discrete or Application Specific Integrated Circuit 

(ASIC) based readouts. With these improvements, it is shown that the SDD based X-ray 

spectrometer can provide energy resolution close to Fano limit. In the recent years, 

radiation hardness tests on the Silicon detectors gained importance as they are presently 

used in high energy physics experiments and also in the space satellite missions where 

the detectors are exposed to very harsh radiation. 

 The research activity can be extended in the following areas and we also have 

some plan to do research work in this direction. Proton irradiation tests on the SDD 

module could not be carried out due to lack of availability of proton irradiation facility 
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which will through some more light on the device characterization. Thus, more 

experiments are necessary in order to investigate the detector and its complete behaviour 

in the space. The proton irradiation study will be extended to larger area SDD modules to 

study the radiation damage effects to the SDD chip and the internal FET in collaboration 

with the manufacturer for its use in the future space/planetary missions. This is in view 

of the future plan to develop large area SDD based X-ray spectrometer with large 

number of such devices. 

 Hybridization/ASIC development for the SDD readout electronics will be another 

step forward in developing large area SDD based X-ray spectrometers for the future 

planetary/astronomy missions. 

 In recent times, the research is focused at developing thicker silicon detectors 

with large active area aimed to use in the future space missions for imaging applications. 

The present X-ray CCDs imaging systems has two major disadvantages: depletion 

thickness is small (50 micron) resulting in reduction in detection efficiency and low 

count rate capability due to frame readout.  Alternate silicon technologies such as 

DEPFET and fully depleted pn-CCD also have issue of faster readout. To overcome 

these issues, multi-linear SDD configurations were proposed. One such SDD with one 

dimensional position sensing is planned in the LOFT mission with segmented anodes for 

linear electron drift. We propose to extend our future research towards the development 

of multi-linear SDDs with two dimensional readout with segmented anodes and cathodes 

in both the sides of the SDD for electron and hole signal readouts to accurately measure 

the position interaction. In this case, the readout will be faster with increased depletion 

thickness ranging from few hundreds of microns to ~ 1 mm. This will be major device 

level research work. We also propose to develop ASIC based readout for these devices.  
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