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ABSTRACT OF THE THESIS 

 

Improvement in Spectroscopic Performance of  

Gallium Antimonide/Aluminum Arsenide Antimonide Heterostructure  

Energy-sensitive Detectors by Aluminum Oxide Surface Passivation 

 

by 

 

Andrew Chen 

 

Master of Science in Electrical and Computer Engineering  

University of California, Los Angeles, 2018 

Professor Dwight C. Streit, Chair 

 

 

This thesis is devoted to improving the spectroscopic performance of the gallium antimonide 

(GaSb)/aluminum arsenide antimonide (AlAsSb) energy-sensitive detector. The heterostructure 

device is realized by integrating the GaSb absorber and the AlAsSb digital-alloy, combined with 

a field-control layer to optimize the electric field profile. This work attempts to enhance the energy-

resolving ability of the detector by lowering its surface leakage current, which is the dominant 

dark current source and limits the signal to noise ratio (SNR) of the detection system. To achieve 

the proposed goal, a layer of aluminum oxide (Al2O3) is deposited on the detector surface by ALD 

(Atomic Layer Deposition), which suppresses the formation of surface leakage path by interface 
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chemistry between Al2O3 and the native oxides (e.g. Ga2O3 and Sb2O3). Well-improved dark 

current levels are measured in the Al2O3-passivated device, and the spectroscopic performance 

also indicates reduced electronic noise. 
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1. Introduction 

 

1.1 Research background 

Energy-sensitive detectors have crucial applications based on their response to x-ray and 

gamma-ray in many areas, for example, radiological security, materials science, biomedicine 

research and geochemical investigation. The ability of it to distinguish photons of different 

energies, especially in the energy range of 10-100 keV, are of high importance to the areas stated 

above. This ability is assessed by the spectral resolution of the detector, which is quantized by how 

narrow and well-defined the photopeaks are. Consequently, the absorption efficiency and the 

energy-resolving capacity of the detector are extremely important in terms of attaining ideal 

spectral resolution. This spectroscopic performance can be optimized by manipulating the factors 

including the choice of detector material, device structure, and the performance of noise in readout 

electronics. 

 

 

 

 

 

Figure 1-1 Examples of technologies using energy-sensitive radiation detectors. (Left) Detector is used to 

monitor radiation contamination1. (Right) Nuclear medicine visualized by radiation detectors provides 

information on target cell2.    

The absorption efficiency for high-energy photon depends substantially on the atomic 

number (Z) of the material used in a photodetector. The higher the atomic number is, the stronger 

Nuclear Medicine 

Radiation Level 

Monitoring 
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its stopping power can be. Silicon and germanium have been utilized in a wide range of 

photodetectors owing to the maturity in their fabrication technologies and carrier transport 

properties. However, their capability in high-energy photon detection is rather limited due to 

intrinsic property of low Z. As a result, scientists incline to using high-Z material when designing 

energy-sensitive detectors for photon of 10 keV and above. Nevertheless, materials with large 

atomic number often possess small band gap which in turn gives undesired dark current, for 

example, band-to-band tunneling current under high field. This trade-off sets a great challenge in 

finding a single material which overcome this limitation. 

Comparing to traditional PIN device for radiation-sensitive APD, the detector discussed  

in this thesis is based on the integration of two materials for decoupled stages in single device 

configuration. GaSb is employed as the absorption region due to its radiation detection property 

(high absorption efficiency for gamma-ray photon owing to high Z, high carrier mobility, desired 

pair creation energy, etc.), and AlAsSb is used as a large-bandgap junction layer to contain the 

high electric field for a lowered dark current.  By separating the absorption and junction layer, this 

approach utilizes the respective advantage of each material and better device characteristics are 

reached. Under this structure, the signal-to-noise ratio is improved, which indicates better energy 

resolution. Nevertheless, the dark current of the proposed device is found to be limited by surface 

leakage current. As a result, the goal of continuing advance in energy resolution focuses on refining 

the surface condition of the proposed APD. 

 GaSb is discovered to have undesirable conduction path formed by a layer of antimony 

metal parallel to the surface at the interface between GaSb and its native oxide, Ga2O3
3. There are 

two important measures to counter surface conduction of GaSb. First, termination of surface 

dangling bond and second, removal of native oxide of III–V materials. Chalcogen-based 
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treatments (especially refinement of surface by sulfur atoms) have been the focus to solve this 

problem, and sulfidization with ammonium sulfide solution, (NH4)2S, was shown to be highly 

effective4,5 and has been used in our device fabrication. (NH4)2S first removes native oxides with 

least possible surface etching, and then a covalently bonded sulfur layer caps on GaSb4,5. However, 

the sulfur layer will degrade over time, which eventually compromises the surface condition. To 

address this issue, this thesis explores the use of aluminum oxide ALD as an additional passivation 

layer which holds sulfur layer in place and imposes more insulation on surface conduction path.  

 This thesis begins with an overview of background theory. Chapter 2 gives a concise 

introduction to the interaction between matter and radiation and focuses on photoelectric effect 

which is the main charge generation mechanism used in this research. A typical type of 

photodetector employed in this thesis, semiconductor detector, is then discussed due to its wide 

application. General device properties and performance metrices are then briefed. Chapter 3 

presents the review of the original device without the proposed passivation treatment. The basic 

fabrication and sulfidization passivation of GaSb/AlAsSb SAM-APD (separate absorption and 

multiplication region avalanche photodiode) are introduced. The original device is characterized 

to understand the electrical and optical properties. The X-ray and gamma-ray spectra obtained 

from GaSb/AlAsSb device are then demonstrated, and the noise performance is discussed. In 

chapter 4, the influence of aluminum oxide passivation is investigated. Device is electrically 

characterized to corroborate the improvement in surface leakage insulation. Radiation response of 

the Al2O3-passivated device to gamma-ray photon is then presented, which is expected to display 

narrower photopeaks. Following the spectroscopic performance, the noise characteristics are 

studied. Finally, chapter 5 concludes the work on passivation of the GaSb/AlAsSb energy-sensitive 

detector and suggests the future work for better spectroscopic performance.  
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2. Principle of radiation detection 

 

2.1 Radiation detecting 

2.1.1 Interaction between matter and radiation 

 X-ray and gamma-ray are high-energy electromagnetic waves discharged amid radioactive 

decay of unsteady nucleus. There are three predominant types of interaction between high energy 

photon and matter including photoelectric effect, Compton scattering and pair production. As 

appears in Fig. 2-1, the likelihood of each interaction to happen relies upon the photon energy and 

the material nature. Pair production process is favored when the photon energy is in the MeV 

region, it utilizes the photon energy to produce electron-positron pair. Since the energy of x-ray 

and gamma-ray photons are normally well below this range, this process is for the most part not 

essential to our work. In the process of Compton scattering, only a part of the photon energy is  

 

 

 

 

 

transferred to electrons through inelastic collision, and the rest is carried by the original photon 

which is deflected from its incidence path. The deflected angle determines the portion of energy 

transferred and electrons can gain a broad range of the photon energy from zero to a certain fraction. 

Figure 2-1 Mass attenuation coefficient versus photon energy for different material1. 

(a)Carbon. (b)Lead. 
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In comparison, photoelectric effect converts all the photon energy to an electron, which is desirable 

for X-ray and gamma-ray detection since the signal extracted can be maximized and more 

information is obtained. 

2.1.2 Photoelectric effect 

 Photoelectric effect is the emission of a bound electron in an atom when electromagnetic 

wave (photon) arrives on a material. Through this process, a bound electron gains the entire energy 

of the photon and becomes freed with kinetic energy ℎ𝜐− 𝐸𝑏, where ℎ𝜐 is the energy of the arriving 

photon, and 𝐸𝑏 is the binding energy of the bound electron. The freed electron ionizes the 

surrounding electrons while relaxing from high-energy state, and the total number of ionized 

electrons gives information on the energy of the incident photon. The photoelectric effect is the 

dominant photon-matter interaction for X-rays and gamma-rays of relatively low energies and 

becomes less significant when the photon reaches the energy of several MeV and above. In 

addition, the photoelectric effect is more likely to take place when the interacting material has high 

atomic number (Z). As a result, the probability of photoelectric events to occur follows a general 

trend2 expressed as ∝ (𝑍n/ℎ𝜐3), where n is between 4 to 5. 

In a photoelectric event, after the incident photon with enough energy ionizes the electron 

from inner shell (Fig. 2-2(a)), the electron from outer shell tends to fill in the empty space created 

by the ejected electron (Fig. 2-2(b)) so that thermodynamic equilibrium is maintained. A 

characteristic X-ray is generated during this relaxation process and which energy is specified by 

the energy difference of the two atomic shells. Even though there is a great chance for the 

characteristic X-ray to be absorbed by the surrounding electrons, it is still possible that this 

secondary photon can escape the detector surface, resulting in insufficient charge collection in 

terms of the incident photon energy. The photopeak formed without the carriers produced by 
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characteristic X-ray is defined as the escape peak and appears as a spurious photopeak in the      

detector spectrum. 

 

 

 

 

 

2.1.3 Absorption efficiency 

 When X-ray or gamma-ray radiation enters the surface of a material, its intensity will decay 

as it travels through a certain thickness. This attenuation is described using the linear attenuation 

coefficient, 𝜇0, which is material- and wavelength-dependent. After traveling a thickness of t in a 

material, a photon beam with initial intensity I0 will have a diminished intensity I, where  

 

The linear attenuation coefficient can be interpreted as the probability of matter-photon interaction 

per unit length2, and it is often expressed as the product of mass attenuation coefficient and the 

density of the interacting material, to take into account different component in a compound 

substance. The mass attenuation coefficient can be calculated by    

 

 

where 𝑤𝑖, (µ0)𝑖 and ρ𝑖  are the weight fraction, linear attenuation coefficient and mass density of the 

corresponding component. 

(2.1) 𝐼 = 𝐼0𝑒−µ0𝑡 . 

(
µ0

𝜌
)

𝑡𝑜𝑡𝑎𝑙

=  ∑ 𝑤𝑖 × (
µ0

𝜌
)

𝑖𝑖

 ,            

 

(2.2) 

Figure 2-2 Two major events in photoelectric effect3. (a) Release of inner shell bound electron. 

(b) Transition of electron from outer shell to inner shell with generation of characteristic X-ray. 

 



 
 

8 
 
 

2.2 Semiconductor detector 

 For semiconductor detectors, electron-hole pairs are created when the energy of the 

incident photon is larger than its bandgap, which lies typically between 1 to 5 eV. When an X-ray 

or gamma-ray is detected by a semiconductor, a blast of carriers is produced due to their high 

radiation energy and which number carries the information about the photon. Comparing to other 

photodetectors (e.g. gas filled detectors and scintillators), semiconductor detectors can build up 

more carriers for a given photon since the energy required for charge generation is smaller (25-35 

eV for gas-filled detector and 20-500 eV for scintillator), promising stronger signals for detection. 

Moreover, the process of charge generation in semiconductor detectors obeys Fano-limited 

statistics rather than pure statistics (Poisson distribution) as in scintillators, resulting in enhanced 

energy resolution (Fig 2-3). 

 

  

 

 

 

 

 

                                      Figure 2-3 Gamma-ray spectra obtained by HPGe detector  

                                      (high resolution) and NaI detector (low resolution)4.  

There are several merits an excellent energy-sensitive detector should possess, including 

low background noise, high stopping power, low pair creation energy (PCE), favorable carrier-

transport properties (e.g. high mobility) and the ability to operate under room temperature. 
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Practically, when designing an energy-sensitive detector, trade-offs exist between those desired 

properties and various materials are utilized for different device purposes. The stopping power of 

semiconductor detectors greatly depends on their crystal density and atomic number (absorption 

efficiency ∝ Z4-5)2, as demonstrated in Fig. 2-4. Si-based detectors have been the mainstream in 

many fields of photonics due to its mature fabrication process and compatibility with CMOS logic. 

Despite the fact that Si-based detector has come close to the Fano-limited energy resolution in soft 

X-ray region6, the low Z number (Si=14) has placed an intrinsic barrier on its ability of stopping 

gamma-ray. High purity Ge (HPGe) detectors hold the record of best FWHM7 in gamma-ray 

detection, nevertheless, its small bandgap (0.66eV at 300K) limits the operation temperature and   

 

 

 

 

 

 

 

                                          Figure 2-4 Linear attenuation coefficient for various  

   materials against photon energy5. 

thus hinders the continuous development in application. Furthermore, large thickness of HPGe 

detector is often desired because the Z number of Ge (Ge=32) is still relatively small8. To achieve 

room temperature operation of gamma-ray detector, a broad range of large- bandgap 

semiconductors have been studied to provide insights, including GaAs, InP, AlGaAs and AlInP. 

However, their low Z (Al=13, P=15, Ga=31, As=33) poses an unavoidable barrier on the ability 
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to stop high energy photon in tens of keV range. A large-bandgap semiconductor, Cd(Zn)Te 

(Cd=48, Te=52), was regarded as a rising star in gamma-ray detection owing to having both strong 

stopping power by high Z and low dark current. Unfortunately, uniform crystal of Cd(Zn)Te is 

hard to grow under present technology and low hole mobility has caused the issue of tailing in 

signal which broadens the photopeak. On the other hand, small-bandgap semiconductors, such as 

InAs and InSb, possess high Z number (In=49, Sb=51) and outstanding carrier transport properties, 

making them ideal material candidate in terms of gamma-ray spectroscopic performance9-11. 

Nevertheless, the high carrier concentration resulted from small bandgap gives rise to large dark  

Table 2-1 Pros and cons of materials with high and low Z number. Their relative merits make them    

suitable for different use. The advantages and disadvantages are marked in red and blue respectively3. 

current and thus high noise, which compromise the energy resolution. Besides, field-assisted 

mechanism such as band-to-band tunneling (BTBT) is facilitated by small bandgap, adding another 

component to dark current when the device is biased beyond a certain degree. 

As a general trend shown in Table 2-1, small-bandgap semiconductors often exhibit high 

stopping power and low PCE (pair creation energy), favoring absorption efficiency and charge 

generation statistics. Nonetheless, the small bandgap makes the dark current easily activated and 

therefore jeopardize the SNR performance. On the other hand, large-bandgap materials by nature 

are prone to have low dark current but they suffer from low stopping power with respect to high-

energy photon. The dilemma stated above makes finding a single material which satisfies the need 

of energy-sensitive radiation detector challenging. This issue is addressed in this work by 
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combining low- and high-Z materials as decoupled stages in a single device to explore their 

respective strength and achieve refined spectroscopic performance. 

 

2.3 Fundamental attributes in radiation measurement 

2.3.1 Energy resolution 

 When x-rays or gamma-rays arrive on an energy-sensitive detector, the radiation energy is 

absorbed and converted into electronic pulses which heights reflect the amount of energy deposited. 

The counting of electronic pulses of different heights creates the x-ray or gamma-ray spectrum. 

Ideally, electronic pulses having the same height are produced if the incident photons have 

identical energy, leading to delta-like distribution in the spectrum. However, photopeak is 

demonstrated in gaussian-like fashion which width is wider due to fluctuations in electronic pulse 

heights. The energy resolution is defined as the ratio of the photopeak full-width-at-half-maximum 

(FWHM) to the corresponding photon energy (Fig. 2-5), which is an important index to evaluate 

how precise a detector can tell the energy of a photon. Less variation in heights could be obtained 

if the detector is optimized, resulting in narrower photopeaks and better resolution. According to 

statistics, the FWHM of a gaussian distribution could be expressed as 2.355𝜎 where 𝜎 is the 

standard deviation. Standard deviation in energy detected (∆𝐸𝑟𝑚𝑠) is attributed to three main 

factors including the Fano noise, electronic noise, and excess noise. ∆𝐸𝑟𝑚𝑠 has the following 

expression: 

                                                 ∆𝐸𝑟𝑚𝑠 =  √(∆𝐸𝐹𝑎𝑛𝑜
2 + ∆𝐸𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐

2 + ∆𝐸𝐸𝑥𝑐𝑒𝑠𝑠
2 )   ,                                       (2.3)              

where ∆𝐸𝐹𝑎𝑛𝑜, ∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 and ∆𝐸𝐸𝑥𝑐𝑒𝑠𝑠 are the fluctuation in energy due to the three components 

respectively. Consequently, the FWHM of a photopeak assumes the form of: 
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                                                                 𝐹𝑊𝐻𝑀 = 2.355 × ∆𝐸𝑟𝑚𝑠 .                                                    (2.4) 

 

 

 

 

 

 

Figure 2-5 A photopeak in a spectrum and the definition  

                                       of energy resolution3. 

2.3.2 Pair creation energy 

 Pair creation energy (PCE) is the average energy required to create an electron-hole pair 

by X-rays or gamma-rays, and it varies with materials. Being highly correlated to bandgap energy 

𝐸𝑔, a semi-empirical formula12 is used in semiconductor materials to describe the pair creation 

energy 𝜀: 

                                                                         𝜀 = (
14

5
) × 𝐸𝑔 + 𝑟 ,                                                           (2.5)  

where 𝑟 is a fitting parameter between 0 to 1. Typically, 0.606 is used as 𝑟 and it agrees with a lot 

of materials, as in Fig. 2-6. For some compound semiconductors, however, this formula does not 

provide an accurate fitting and needs modification. A new formula was proposed by Bertuccio et 

al. to fit the PCE of GaAs together with Si and Ge13, and it has been continually refined afterwards 

during the process of developing compound semiconductors photodetectors14-16. The latest 

empirical model is expressed as: 

                                                   𝜀 = (1.52 ± 0.08) 𝐸𝑔 + (1.90 ± 0.12) ,                                          (2.6) 
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which provides good accuracy in fitting among group IV and group III-V materials, as appears in 

Fig. 2-7. 

 

 

 

 

 

 

 

 

 

2.3.3 Fano Factor 

 Fano factor is used to describe the deviation from Poisson statistics in the number of 

electron-hole pairs created by photon with given energy. When a semiconductor absorbs a photon, 

most of the photon energy is dissipated in the process of interaction with phonons, only a small 

fraction of it is utilized to excite electron-hole pairs. The uncertainty in the amount of energy loss 

makes the fluctuation in numbers of produced electron-hole pairs dictated by Poisson statistics. In 

Poisson distribution, the variance is equal to the mean, namely 𝜎2=𝑁, where 𝜎 is the standard 

deviation and N is the average number of electron-hole pairs created by a photon. The average 

number N is calculated by: 

                                                                           N = 
𝐸

ε 
 ,                                                                     (2.7)   

where E is the photon energy and 𝜀 is the pair creation energy. 

Nonetheless, when the photon considered has the energy range in X-ray of gamma-ray 

region, the variance in the number of electron-hole pairs is discovered to be much less than that 

Figure 2-6 Pair creation energy versus 

semiconductor bandgap energy8.                 

 

Figure 2-7 Pair creation energy fitting based 

on group IV and group III-V materials8,16.                 
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from Poisson statistics, meaning the ionization events are not fully independent. To bridge this gap 

between the observed variance and the variance from Poisson statistics, Fano factors (F) is 

introduced to more accurately delineate the distribution: 

                                             F = 
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒
=  

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒

𝐸/ε
 ,                                     (2.8)  

and F is between 0.05-0.15 for most semiconductors. Therefore, ∆𝐸𝐹𝑎𝑛𝑜 is described by: 

                                                           ∆𝐸𝐹𝑎𝑛𝑜 =  ε ∙ √𝐹 ∙
𝐸

ε
 =  √𝐹 ∙ 𝐸 ∙ ε  ,                                           (2.9)      

and this sets the limit for the best energy resolution that can be achieved. 

2.3.4 Electronic Noise 

In the process of X-ray and gamma-ray detection, charge pulses produced by the detector 

is extracted by the readout electronics, which inevitably impose electronic noises on the signal. 

This extra noise gives rise to fluctuation of signal baseline and superimposes on the original signal 

information (Fig 2-8). This fluctuation causes uncertainty in measured pulse heights, making the 

resulted photopeaks in energy spectrum broadened (∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐). The major origins of electronic 

noise involve leakage current from the detector and the field-effect transistor (FET) in the charge-

sensitive amplifier, capacitance of the preamplifier and the detector, and the noise of cables used 

as connection in the measurement system.  

Electronic noise is often expressed in ENC (equivalent noise charge), which means the  

electron charges required to produce the corresponding fluctuation in pulse height. The ENC can 

be calculated by: 

                                                ∆𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 =  ε ∙ 𝐸𝑁𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 ,                                         (2.10)  

where ε is the pair creation energy. The calibration of electronic noise in a measurement system 

is often facilitated by using ENC. 
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Figure 2-8 Output signal of the charge-sensitive amplifier. (a) The baseline fluctuation induced by 

electronic noise. (b) Signal superimposed with electronic noise3. 

 In a particle counting system, a shaping amplifier is usually connected to the output of the 

charge-sensitive amplifier to transform the charge pulse which makes the measurement of pulse 

heights easier for the following counting stage. With different shaping time constant, the shaping 

amplifier would have different transfer function and frequency response to the three main 

components of electronic noise, which are the current noise (parallel noise), the voltage noise 

(series noise) and the 1/𝑓 noise (dielectric noise). By studying the relation between the ENC and 

the shaping time constant, we can optimize our readout electronics for lower electronic noise (Fig. 

2-9). 

 

 

 

 

 

Figure 2-9 Equivalent noise charge as a function of the shaping time constant17. 
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2.3.5 Excess Noise 

 Excess noise is used to explain the additional broadening of a photopeak caused by factors 

other than Fano noise and electronic noise. In the ideal case, broadening of a photopeak is 

completely dictated by Fano statistics and electronic noise in a system, and the noise performance 

can only be optimized by lowering electronic noise since Fano noise is the ultimate statistical limit. 

In a detector measurement system, the electronic noise is quantitated by measuring the FWHM of 

a test signal from pulser and the Fano factor can be calculated if the pair creation energy is known. 

Nevertheless, additional broadening of a photopeak resulted from factors apart from Fano noise 

and electronic noise is rarely absent in the spectrum of X-ray and gamma-ray detection, and it is 

more significant for detectors made of compound semiconductors (Fig. 2-10). 

 

 

 

The excess noise is often related to charge trapping process at band discontinuity interfaces 

and material defect sites, therefore it’s also known as the trapping noise. In a photodetector, 

Carriers travel through absorber and various junction layers to reach electrodes for collection after 

being created by X-ray or gamma-ray photon. Inevitably, there will be defects or band 

Figure 2-10 Isolated Fano noise, electronic noise and 

excess noise as a function of photon energy in CdTe 

detector18. 
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discontinuity along their traveling path, and thus a finite probability of charge trapping is present 

which will result in incomplete carrier collection. An empirical model2,8,19 has been used to 

describe the energy dependence of excess noise (∆𝐸𝑒𝑥𝑐𝑒𝑠𝑠): 

                                                                        ∆𝐸𝑒𝑥𝑐𝑒𝑠𝑠 = 𝑎1𝐸𝑎2  ,                                                         (2.11) 

where 𝑎1 and 𝑎2 are fitting parameters. Photopeaks suffered from serious trapping effect tend to 

spread toward lower energy region in comparison with the ones created by complete charge 

collection. 
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3. GaSb/AlAsSb heterostructure devices 

 

3.1 Background 

 The III-Sb compound semiconductors possess a lot of attractive properties which make 

them highly flexible when it comes to device engineering, including but not limited to, a broad 

range of available bandgaps, band offsets, and high carrier mobility. There have been many 

impactful applications based on III-Sb materials, for example, laser sources of near-infrared 

(NIR)1,2, IR photodetectors3-6, and high-speed electronic devices (HBTs, FETs and HEMTs)7-9. 

Sb-based materials are also potential candidates for high-energy photon detecting by the high Z of 

Sb (Sb=51), but only limited efforts have been done in exploiting their response to X-ray and 

gamma-ray photon10,11.  

 Among the Sb-based materials, GaSb is one of the promising materials for high-energy 

photon detecting, owing to the high Z and high crystal density (5.61 g/cm3) that favors absorption 

of photons with energies between 1-200 keV12,13. In addition, the low PCE of GaSb associated 

with its low bandgap energy supports improved charge generation statistics which gives rise to 

better spectroscopic resolution. Moreover, regarding charge transport properties, GaSb possesses 

high carrier mobility (about 3300 cm2V-1s-1 for electrons and 1000 cm2V-1s-1 for holes) and long 

carrier life time (about 500 ns) that are beneficial for charge collection. Furthermore, in terms of 

growth and fabrication technologies, GaSb has a more mature and well-established background 

comparing to other detector materials such as Cd(Zn)Te and HgI2, making GaSb a stronger 

candidate in detecting X-ray and gamma-ray. 

Nevertheless, the high dark current resulted from the small bandgap of GaSb degrades its 

SNR performance. The high dark current is produced mainly through the thermal generation and 
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field-assisted tunneling process. To address this issue during device operation, appropriate cooling 

and biasing are often necessary for high-energy photon detector containing GaSb. Particularly, the 

field-assisted current component can be minimized through device architecture design which 

constrains the electric field in GaSb. In order to achieve this goal, the structure of separate 

absorption and multiplication avalanche photodiode (SAM-APD) is adopted as an approach in this 

thesis, which is realized by taking the respective material advantages of GaSb and AlAsSb. 

 In the proposed architecture, the small-bandgap GaSb is used as the absorption layer for 

gamma-ray and X-ray since its high Z number provides significant stopping power against high-

energy photon; AlAsSb, a low-Z and large-bandgap material, works as the multiplication region 

where the high electric field is contained as well as the junction layer to control the field 

distribution in GaSb for optimized charge collection condition. There are two main advantages to 

using AlAsSb as the junction layer. First, the GaSb/AlAsSb material system has an enormous 

difference in their PCE and absorption efficiency for high-energy photon, which can guarantee the 

suppression of spurious photopeaks produced outside the intended spectrum region; secondly, the 

AlAsSb is made lattice matched to GaSb with the formula of AlAs0.08Sb0.92 by Digital-Alloy (DA) 

technique, which facilitates charge transport across the AlAsSb/GaSb interface to preserve the 

signal. The development of AlAsSb junction layer is completed and detailed in the Ph.D. 

dissertation, Development of Antimonide-based Energy-sensitive Radiation Detectors, by Dr. Bor-

Chau Juang. 

 This chapter begins with the brief introduction of the GaSb/AlAsSb device fabrication, 

followed by the fundamental electrical and optical characterizations. X-ray and gamma-ray spectra 

obtained by this heterostructure device using 241Am radioactive source are then demonstrated 

together with its noise analysis. Finally, the overall performance is discussed. 
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3.2 Device fabrication 

3.2.1 Device design and growth 

 Fig. 3-1 shows the structure of the GaSb/AlAsSb device, where the p-n junction (PN) is 

made of AlAs0.08Sb0.92 digital alloy (DA) that is lattice-matched to the GaSb layer. The AlAsSb 

was grown by molecular beam epitaxy (MBE) on an n-type GaSb substrate, where Te and Be were 

used as the n-type and p-type dopants. Following the PN structure, a 2-µm GaSb absorption layer 

was grown by MBE as well. To avoid carrier loss by front surface recombination, a 50 nm window 

layer of Al0.4Ga0.6Sb was added on the GaSb absorption layer afterwards. Finally, a 50 nm GaSb 

is grown on top of the window layer for lower contact resistance. After the growth process is 

complete, the sample is then fabricated by standard photolithographic techniques into circular 

mesas of assorted sizes, and the fabrication details can be found in appendix A.   

 

 

With the designed structure, most of the applied electric field would be contained in the 

AlAsSb junction region, and the electric field in the GaSb layer will be maintained at a low level 

to inhibit the effect of the field-assisted current component, such as field-enhanced SRH process 

Figure 3-1 The GaSb/AlAsSb heterostructure device in 

SAM-APD architecture14. 

. 



 
 

23 
 
 

and band-to-band tunneling (BTBT) process. A field-control (FC) layer is placed between the 

AlAsSb junction region and the GaSb absorption region to provide an additional control in the 

electric field. The FC layer is p-type AlAsSb with dopant concentration 𝜌𝑒𝑓𝑓 chosen to be 

1.25×1012 cm-2 by the following part of this chapter. The determined concentration satisfies the 

need for both efficient charge collection and low field-assisted dark current in the GaSb layer, 

which excels the other two options (6.25×1011 cm-2 and 3.75×1012 cm-2) in terms of device 

performance. 

3.2.2 Surface passivation 

 During the fabrication process, the sidewalls of device mesas are exposed to chemicals and 

plasmas on multiple occasions, leading to possible contaminations and oxidations that gives 

unwanted leakage current paths. Therefore, passivation is needed for improved device 

performance. In this paragraph, the surface passivation on the GaSb/AlAsSb device is studied 

through separate discussions on the GaSb PIN device and the AlAsSb-DA PIN device to better 

understand the effect of passivation on each of them.   

 For the GaSb PIN device, an effective way to reduce the surface current15 is polishing mesa 

sidewall by HCl-based wet-etchant after device fabrication, followed by (NH4)2S passivation. The 

dark current performances after different surface treatments are shown in Fig. 3-2, indicating the 

advantage of using (NH4)2S. The inverse of the zero-bias resistance-area product, 1/(R0A), is 

plotted as a function of perimeter-to-area ratio of devices with different areas to assess the effect 

of (NH4)2S passivation. The relation is given by: 

                                                      
1

𝑅0𝐴
=  (

1

𝑅0𝐴
)𝐵𝑢𝑙𝑘 + (

1

𝑟𝑠𝑢𝑟𝑓𝑎𝑐𝑒
)

𝑃

𝐴
  ,                                              (3.1) 
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in which 𝑟𝑠𝑢𝑟𝑓𝑎𝑐𝑒 means the resistivity of surface shunt path and can be extracted by the slope of 

the plot. 

 

 

 

 

 

 

 

 

Ideally, the shunt resistivity should be as large as possible, meaning the surface conduction 

is more strongly inhibited. Small 𝑟𝑠𝑢𝑟𝑓𝑎𝑐𝑒  indicates poor insulation on the surface and more 

dependence of leakage current on the surface condition. As appears in Fig. 3-3, the as-fabricated 

device possesses a small 𝑟𝑠𝑢𝑟𝑓𝑎𝑐𝑒 of 39.1 Ω•cm, which is improved to 41.4 kΩ•cm after (NH4)2S 

passivation. 

 For the AlAsSb-DA PIN device, sidewall surface passivation is of high importance since 

it has high Al content. Different passivation treatments were employed to compare their respective 

strength, including (1) (NH4)2S solution, (2) negative photoresist SU-8, and (3) 200 nm SiO2 

deposited by PECVD. HCl-based wet etchant was used to polish mesa sidewalls before all three 

treatments. As appears in Fig. 3-4, (NH4)2S treatment equipped the device with the lowest dark 

current at both room temperature and 77K, suggesting (NH4)2S was the most ideal method among 

the three treatments to minimize surface leakage current. 

Figure 3-2 Dark current of the GaSb device 

after different surface passivations14. 

. 

Figure 3-3 Surface shunt resistivity before 

and after (NH4)2S passivation extracted by 

plotting 1/(R0A) versus P/A14. 
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 In conclusion, (NH4)2S solution treatment provides superior surface passivation for both 

the GaSb and AlAsSb layers, as a result, it is adopted as the approach to eliminate surface leakage 

current for the GaSb/AlAsSb heterostructure device. 

 

3.3 Electrical characterization 

3.3.1 Device capacitance 

 The capacitance of a PIN structure measured under a range of reverse biases can provide 

information about its depletion width and the electric field distribution, which is referred to as the 

C-V measurement. The C-V measurements of the GaSb/AlAsSb devices with different FC layer 

dopant concentrations were conducted under 77K and the results are shown in Fig. 3-5. In the C-

V plot, flat curves are observed in the low bias area for all three concentrations, which means the 

i-AlAsSb region is already fully depleted at zero bias and the device capacitance is totally 

determined by the width of it. The C-V curves start to drop after their respective point of reverse 

bias (Vreach), indicating the depletion region is expanding gradually into the GaSb layer. Figure 3-

5(a) shows that Vreach increases with growing FC layer dopant concentration, which is 5V for the 

Figure 3-4 The dark current performance of the AlAsSb-DA PIN device after different 

surface passivation treatments at (a) 295K and (b) 77K14. 



 
 

26 
 
 

6.25×1011 cm-2 device and 7V for the 1.25×1012 cm-2 device. Contrarily, for the 3.75×1012 cm-2 

device, the C-V curve remains nearly flat throughout the applied voltages. This fact reflects that 

the electric field is still contained in the AlAsSb region by the heavily doped FC layer and cannot 

penetrate the GaSb layer. 

 

 

 

 

3.3.2 Dark current 

  The dark current density of the GaSb/AlAsSb devices is relatively high lying around 100 

mA/cm2 at room temperature and increases when the mesa size decreases, both facts suggest that 

the dominant source of the dark current is surface leakage current. The dark current dramatically 

decreases as the temperature goes low, and Fig. 3-6 shows the dark current under 77K. It is 

indicated in the figure that regardless of the mesa size, the dark current increases monotonically 

with growing reverse bias and then a clearly-defined breakdown follows. It is also observed that 

for the 6.25×1011 cm-2 and the 1.25×1012 cm-2 devices, there’s no extra dark current after reaching 

Vreach where the electric field begins to extend into the GaSb region. The lack of additional dark 

current after Vreach suggests that the field-assisted current component in the GaSb layer, 

particularly generated through the BTBT process, is not a major source of the dark current. In 

Figure 3-5 (a) C-V curves and (b) depletion region width against reverse bias of the 

GaSb/AlAsSb devices equipped with different FC layer dopant concentrations14. 
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addition, the surface current is present in the entire range of the applied biases as indicated by the 

increasing current density with decreasing mesa size, proposing that BTBT current from the 

AlAsSb region is not dominant either. As a result, the dark current is expected to be well 

suppressed if the surface condition is improved, which is the approach adopted in this thesis for 

better spectroscopic performance. 

 

3.3.3 Temperature-dependent dark current 

 The dark current characteristics of the GaSb/AlAsSb devices were explored through the 

temperature-dependent I-V measurements, and the results are shown in Fig. 3-7. The dark currents 

show strong dependence on temperature regardless of the FC doping concentrations and the 

applied biases, which corroborates the fact that BTBT current component form both the GaSb and 

the AlAsSb layers are insignificant. In addition, the activation energies of the dark currents in all 

devices were extracted at -5V and -20V, and they all had values around 0.27 eV which is much 

smaller than the bandgap of GaSb and AlAsSb. The low activation energy indicates that the dark 

current is dominated by the surface leakage current rather than the bulk current whose activation 

energy is about the bandgap of the material.  

Figure 3-6 Dark current of the GaSb/AlAsSb devices against reverse bias under different mesa sizes 

and different FC dopant concentrations at 77 K14. 
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Regarding the breakdown behaviors, three main observations are made. First, the 

breakdown voltage increases with increasing temperature, indicating the major breakdown 

mechanism is the avalanche process. Secondly, it is known that prior to electrical breakdown in 

GaSb, the BTBT current from GaSb will become large and dominant; however, no additional dark 

current being found suggests that the avalanche breakdown process is confined in the AlAsSb layer. 

Finally, decreased Vbd is detected with growing FC doping concentration at a given temperature, 

since higher concentrations provides stronger electric field in the AlAsSb layer at a given bias. 

 

 

 

 

 

3.4 Optical characterization 

3.4.1 Photocurrent 

 The photocurrent characteristics of the GaSb/AlAsSb devices were explored using a 

continuous-wave (CW) laser at 1310 nm, which provides optical excitation for electron-hole pair 

only in the GaSb absorber region. The reason to only excite the GaSb layer is to simulate the 

gamma-ray detection process where most of the carriers are generated in the GaSb layer. The 

photocurrent measurement results are shown in Fig. 3-8. In the low bias range, the photocurrent is 

barely observed since the electric field has not built up to reach the GaSb region for carrier 

Figure 3-7 Temperature-dependent I-V measurements of the 200um-diameter GaSb/AlAsSb 

devices with different FC dopant concentrations14. 
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collection. However, the photocurrent rises abruptly at -5V and -7.5V for the 6.25×1011 cm-2 and 

the 1.25×1012 cm-2 devices respectively, indicating the electric filed has reached the GaSb region. 

This result is consistent with the values of Vreach measured from the device capacitance. At reverse 

bias beyond Vreach, the electric field in the GaSb region gets stronger and the carrier collection 

across the GaSb/AlAsSb interface becomes more efficient. The first rise of the photocurrent can 

be regarded as the beginning of carrier collection from the GaSb layer. The photocurrent escalates 

significantly with increasing reverse bias soon after Vreach, and the escalation ends in a plateau that 

suggests full carrier collection at unity avalanche gain. The voltage point where full carrier 

collection begins is designated as Vcol. Additionally, the primary photocurrents at unity gain of the 

6.25×1011 cm-2 and the 1.25×1012 cm-2 devices have the same magnitude, meaning the absorption 

in the two devices are comparable due to the same absorber thickness. Contrarily, the photocurrent 

of the device with the highest FC doping concentration remains at a low level in the entire reverse 

bias range, suggesting an ineffective carrier collection. Since the high-doped FC layer prevents the 

electric field from penetrating into the GaSb layer, the carriers generated in the GaSb layer cannot 

be swept away and collected effectively, which results in a low photocurrent. 

 

 

  

 

 

 

 

 

Figure 3-8 Dark current and photocurrent 

under 77K of devices with different FC 

concentration14. 

. 

Figure 3-9 Photocurrent of the 1.25×1012 

cm-2 device under various laser power at 

77K14. 

. 
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Fig. 3-9 shows the photocurrent under different optical power of the 1.25×1012 cm-2 device. 

As presented in the figure, the reverse bias point where the electric field starts to develop in the 

GaSb, namely Vreach, does not vary with different optical power since the electric field distribution 

remains the same regardless of the optical power. However, Vcol shows a dependence on optical 

power which is well described by an empirical formula: 

                                                          𝑉𝑐𝑜𝑙 =  𝑉𝑐𝑜𝑙
0 + 𝑎(𝑁𝑝ℎ)𝑏,                                                         (3.2) 

where Nph is the number of photons provided for electron-hole pair excitation, and 𝑎 and 𝑏 are 

fitting parameters. 𝑉𝑐𝑜𝑙
0  is the bias of full collection when the number of excited carriers in the 

GaSb absorber is approaching the lower limit, which are 11.13 V and 13.16 V for the 6.25×1011 

cm-2 and the 1.25×1012 cm-2 devices respectively (Fig. 3-10). 

 

 

 

 

 

 

During gamma-ray and X-ray detection, each photon in the energy range of interest (10~60 

KeV) creates approximately 103~105 of carriers, which is a relatively small number comparing to 

that generated by the 1310-nm laser. Therefore, a working point around 𝑉𝑐𝑜𝑙
0  is applied on the 

GaSb/AlAsSb device to gain the condition of full carrier collection when detecting gamma-ray 

Figure 3-10 Vcol values under different optical powers of (a) the 6.25×1011 cm-2 device 

and (b) the 1.25×1012 cm-2 device14. 
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and X-ray. For instance, to detect the 59.5 KeV-photon, which produces 2×104 electron-hole pairs 

in the GaSb region, a 𝑉𝑐𝑜𝑙
0  of 13.3 V is used on the 1.25×1012 cm-2 device for full carrier collection.  

3.4.2 Avalanche gain  

 The illustrative avalanche gain of the GaSb/AlAsSb devices are extracted from the 

photocurrent measurement results under an optical power of 300 nW. As shown in Fig. 3-11, the 

avalanche gain of the 1.25×1012 cm-2 device is higher than that of the 6.25×1011 cm-2 device at any 

reverse bias beyond their respective Vcol, meaning the 1.25×1012 cm-2 device has higher electric 

field contained in the AlAsSb layer. The dark current performance would be better evaluated when 

comparing at the same avalanche gain. For example, under the same optical power and at an 

avalanche gain of 5, the 6.25×1011 cm-2 device shows a dark current of 59.3 nA at 28 V and the 

1.25×1012 cm-2 device shows a dark current of 12.5 nA at 27.2 V. The 1.25×1012 cm-2 device 

demonstrates a 5-times lower dark current at the same avalanche gain using a lower bias, 

suggesting a superior ability to achieve both low noise and high signal amplification.   

 

 

 

 

 

 

 

Figure 3-11 Avalanche gain curves of the 6.25×1011 cm-2 

and the 1.25×1012 cm-2 GaSb/AlAsSb devices under an 

optical power of 300nW14. 
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3.5 Gamma-ray measurement 

3.5.1 Packaged device characteristics 

 The 1.25×1012 cm-2 device has exhibited a better control in electric field distribution 

comparing to the other devices, as indicated by lower dark current and higher avalanche gain. The 

1.25×1012 cm-2 device was thus used for the subsequent radiation measurement to obtain the 

optimum spectroscopic performance. To extract signal from the device, the device was packaged 

to electrically connect to the measurement system. Nonetheless, the dark current of the 

GaSb/AlAsSb device increased by 25 times after packaging, as shown in Fig 3-12. The degradation 

was due to the inevitable defects introduced during the packaging process, such as epoxy curing 

and wire-bonding. Regarding the system setup, the shaping time of 1 us was used in the shaping 

amplifier, which was determined by the smallest reachable pulser FWHM. The detail of the 

radiation measurement system can be found in appendix B. 

 

 

 

 

 

 

 

3.5.2 241Am spectra and carrier collection 

The radiation response of the GaSb/AlAsSb device was obtained by exposing the packaged  

Figure 3-12 The dark I-V curve before (dashed) and after 

(solid) wire-bonding14. 
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1.25×1012 cm-2 device under 0.74 MBq 241Am radioactive source at 77 K, and Fig. 3-13 shows the 

spectra acquired under different reverse biases. The evolution of spectra from low bias to high bias 

reflects different degree of carrier collection. Below Vreach (7.5V for the 1.25×1012 cm-2 device), 

the spectra have the same profile with photopeaks registered at similar MCA channels, pointing 

out that the carriers collected are mainly from the AlAsSb layer since the electric field has not built 

up in the GaSb region. Photopeaks registered at higher MCA channels start to show up with 

increasing bias after Vreach, meaning the signal from the GaSb layer can now be gathered by the 

built-up electric field inside it. This observation is well explained by the lower PCE of GaSb, which 

gives larger pulse height and thus photopeaks at higher MCA channels. When the electric field 

inside the GaSb region is strong enough, i.e. full carrier collection beyond 𝑉𝑐𝑜𝑙
0 (13.3V for the 

1.25×1012 cm-2 device) is achieved, well-defined photopeaks at the signature energy lines can be 

seen, including 13.9 keV (GaSb), 17.8 keV (GaSb), and 20.8 keV (GaSb) in the acquired spectrum. 

 

 

 

 

 

 

 

 

 

Figure 3-13 0.74 MBq 241Am spectra acquired by the GaSb/AlAsSb device under 

different reverse biases. The pulser peaks (overlapped by each other) serve as reference 

to exhibit the progression of photopeaks14. 
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3.5.3 Energy resolution at 59.5 keV 

 A main proposed feature of the GaSb/AlAsSb device is the energy-resolving power for 

high-energy photon, which is demonstrated by the ability to clearly show the photopeak at 59.5 

keV (soft gamma-ray range) under 241Am source. To have better charge generation statistics at 

59.5 keV, a stronger source of 1.55 GBq was used. In Fig. 3-14, the GaSb/AlAsSb device at reverse 

bias of 14V shows a clear 59.5 keV peak with a FWHM of 2.07 keV under 77K. In addition to the 

photopeak at 59.5 keV, other signature energy lines are also well-defined in the spectrum and are 

similar to the ones obtained by the GaSb PIN device16, including the Ga Kα escape peak at 50.3 

keV, Sb Kα escape peak at 33.2 keV, Sb Kβ escape peak at 29.8 keV, Sb Kα characteristic X-ray 

peak at 26.3 keV, Ga Kα escape peak at 17.1 keV, and Ga Kα characteristic X-ray peak at 9.3 keV.  

 

 

 

 

 

 

 

 

Figure 3-14 1.55 GBq 241Am spectrum obtained by the GaSb/AlAsSb device at reverse bias 

of 14 V under 77 K. The FWHM of the 59.5 keV peak and the pulser are 2.07 keV and 1.67 

keV, respectively.  
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Notably, the photopeaks generated from the AlAsSb region are absent in Fig. 3-14, which 

is reasonable since the signals from the AlAsSb region are likely buried by those form the GaSb 

region when the device is biased beyond Vcol. This indicates that the large difference in PCE and 

absorption efficiency between GaSb and AlAsSb have eliminated spurious photopeaks in the 

intended spectrum region and facilitated the identifications of energy lines during detection. 

3.5.4 Detection linearity 

 The detection linearity of the GaSb/AlAsSb device was characterized by mapping the 

MCA channels (pulse heights) to several signature energy lines of 241Am source, including 13.9 

keV, 17.8 keV, 20.8 keV, 26.3 keV and 59.5 keV. In Fig. 3-15, the pulse heights exhibit high 

linearity with respect to the corresponding photon energies with a coefficient of determination R2 

= 0.9999 in the linear fitting. 

 

 

 

 

 

 

 

 

 

Figure 3-15 Measured pulse heights versus the 

corresponding signature photon energies of 241Am source 

obtained by the GaSb/AlAsSb device at 77 K. 
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3.5.5 Noise analysis and device performance 

 As shown in Fig. 3-16, the energy resolution at 59.5 keV continues to improve with 

increasing bias, and the best FWHM of 2.07±0.082 keV is achieved at 14V. After 14V, the 

resolution is compromised again as the bias rises. The noise performance of the device is studied 

by decoupling the three noise components (Fano noise, electronic noise and excess noise) as a 

function of reverse bias (Fig. 3-17).  

 

 

 

 

 

 

In Fig. 3-17, the electronic noise is shown to be the dominant component which increases 

with increasing reverse bias throughout the applied bias range. This indicates that the dark current, 

especially the surface leakage current from the device, has been the limiting factor of the overall 

SNR performance. 

Regarding the excess noise, it exhibits its minimum at around 13-15V. This is well 

explained by the high degree of carrier collection under this range of reverse bias. For the same 

reason, the increase of excess noise in the low bias region is because of the low kinetic energy of 

the carriers, which results in incomplete carrier collection across the AlAsSb/GaSb interface. The 

Figure 3-16 The 59.5 keV peak obtained by 

the AlAsSb/GaSb device under different 

biases. 

. 

Figure 3-17 Variation of the three noise 

components of the 59.5 keV peak as a function 

of reverse bias. 

. 

Excess noise 
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excess noise elevates again beyond 14V with increasing bias, which could be accounted for by the 

noise from the avalanche process activated under high bias in the AlAsSb layer. 

 

3.6 Discussion 

 In this chapter, the prototype of the AlAsSb/GaSb device was introduced, which realized 

the concept of integrating high-Z GaSb absorber and low-Z, large-bandgap AlAsSb junction region 

for X-ray and gamma-ray detection. The AlAsSb/GaSb devices were first characterized 

electrically and optically, and then the one with the optimized FC doping concentration (1.25×1012 

cm-2) was selected for the radiation measurement. The selected device provided clear photopeak 

at 59.5 keV under the exposure to 241Am source, and different FWHM of the 59.5 keV peak were 

observed when the reverse bias varies. The carrier collection condition was optimized under 14V 

which gave the narrowest FWHM of the 59.5 keV peak of 2.07 keV with the lowest excess noise 

of 1.07 keV. Further improvement in the FWHM of the 59.5 keV peak is expected to take place if 

the electronic noise, which dominates the overall noise, can be lowered by reducing the surface 

leakage current of the device. Based on this observation and the work in this chapter, the following 

chapter is devoted to reducing the surface leakage current of the device to optimize the 

spectroscopic performance. 
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4. GaSb/AlAsSb devices passivated with Al2O3 

 

4.1 Background 

 To confine the current in a III-V photodetector for measurement purpose, the photodetector 

device is etched into mesa structure, which generates a lot of surface states owing to the 

termination of crystal structure on the mesa sidewalls. The exposed sidewalls tend to form a thin 

layer of native oxide (e.g. Ga2O3 and Sb2O3 through 2GaSb + 3O2 → Ga2O3 + Sb2O3), and a layer of 

elemental Sb is often found at the interface between the native oxide and the semiconductor1, 

lowering the shunt resistance. Passivation is thus applied to reduce oxidation of the sidewalls and 

cap the dangling bonds to avoid surface states that give unwanted surface leakage path.  

In the previous chapter, ammonium sulfide passivation was used to replace the oxygen on 

the surface with sulfur and saturate the dangling bonds. However, the dark current density of the 

AlAsSb/GaSb device was shown to be relatively high (100 mA/cm2) at room temperature and 

increased when the mesa size shrunk, suggesting that the dominant source of the dark current was 

still the surface leakage current. Dark current from the device directly contributes to electronic 

noise and thus degrades the spectroscopic performance. This result indicates that although the 

passivation of ammonium sulfide is necessary to exhibit fundamental device performance, the 

effect of it is limited. Therefore, additional measures need to be taken to strengthen the passivation.  

 Silicon dioxide deposition was a promising solution which showed effective insulation on 

the surface of III-V materials2. However, the high temperature or the high RF power for plasma 

excitation in the deposition process has a great potential to damage the material surface, which 

results in dangling bonds and thus surface states in the bandgap. On the other hand, while having 

the same insulation effect as silicon dioxide, aluminum oxide (Al2O3) is deposited through atomic 
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layer deposition (ALD) technique which is plasma-free and conducted under a lower temperature, 

resulting in less damage on the sidewalls. Moreover, aluminum oxide is discovered to suppress 

native oxide formation of III-V materials during the deposition due to lower Gibbs free energy (-

377.9 kcal/mol). This is lower than the Gibbs free energies of Sb2O3, Ga2O, Ga2O3, As2O3 and 

As2O5, which are -151.5 kcal/mol, -75.3 kcal/mol, -238.6 kcal/mol, -137.7 kcal/mol and -187.0 

kcal/mol, respectively3,4. The electrical characterization of MOS capacitors based on GaSb has 

showcased successful elimination of Sb2O3 due to Al2O3 deposition5. 

 During the ALD of aluminum oxide, water vapor and trimethylaluminum precursor 

(Al2C2H6) are released into the deposition chamber one at a time in a sequential fashion, and the 

precursors react with the gas molecules on the device surface adsorbed during the previous stage. 

The way ALD operates provides several advantages, such as precise control of thickness at 

molecular level (since thickness depends on the number of reaction cycles), ideal conformal 

coverage and large area thickness uniformity. With these properties and the fact that Al2O3 

formation is energetically favorable over other native oxides of III-V materials, ALD-grown Al2O3 

is a perfect choice as an additional passivation of the AlAsSb/GaSb detector. To optimize the 

overall device performance, this chapter explores the method of aluminum oxide deposition on 

device sidewalls for surface leakage current suppression. 

 Based on the device designed in chapter 3 (the 1.25×1012 cm-2 device), this chapter begins 

with the introduction of aluminum oxide deposition on the device sidewalls by ALD, followed by 

fundamental electrical characterization of dark current and activation energy extraction. X-ray and 

gamma-ray spectra are again acquired using 241Am radioactive source. The spectroscopic 

performance is then compared with the device without Al2O3 passivation through noise analysis. 

Finally, the overall advantages and drawbacks of depositing Al2O3 is discussed. 
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4.2 Device fabrication 

 The device discussed in this chapter has the same structure as the one in chapter 3, except 

that the circular mesa sidewall is covered with 30nm of Al2O3. After ammonium sulfide 

passivation is completed, which is the last step of device fabrication in chapter 3, 300 cycles (1 

angstrom/cycle) of aluminum oxide deposition were carried out in atomic layer deposition system 

(Cambridge Nanotech Fiji F200) with 200°C as the substrate temperature. Growth of Al2O3 was 

done by delivering 0.06s water vapor (H2O) and 0.06s trimethylaluminum (TMA) pulses into the 

deposition chamber in a sequential fashion under constant 20 sccm N2 gas flow. To take away the  

 

 

 

 

 

 

 

 

by-products and ensure surface reactions to take place, a wait time of 10 sec is added after each 

pulse. Both trimethylaluminum and water were unheated. The Al2O3-passivated device was then 

etched to expose both the top and the bottom metallic contact by standard photolithographic 

technique. BOE (buffered hydrofluoric acid) was used as the etchant with an etch rate of 1nm/sec 

with respect to Al2O3. Using BOE instead of concentrated HF (49% HF in H2O) would result in 

better etching profile since HF etches too fast and it is corrosive to photoresist. The final device 

structure is shown in Fig. 4-1. 

Figure 4-1 The GaSb/AlAsSb heterostructure device 

passivated with 30 nm of Al2O3 thin film. 
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4.3 Electrical characterization 

4.3.1 Dark current 

 The dark currents of devices under different passivation stages are shown in Fig. 4-2. It is 

observed that with (NH4)2S passivation, the device dark current is significantly reduced by 3 orders 

of magnitude from the as-fab state (no passivation). With the following Al2O3 deposition, the dark  

 

 

 

 

 

 

 

 

 

current is further lowered by around 2 orders of magnitude, and the electrical breakdown can be 

observed under room temperature. This suggests that Al2O3 has provided good insulation and 

lowered the dark current floor by suppressing the surface leakage path, since the dark current in 

the AlAsSb/GaSb device is dominated by surface leakage component as demonstrated in chapter 

3. However, in Fig.4-3, the dark current density of the Al2O3-passivated device increases with 

decreasing mesa size, and no increment of dark current after Vreach (7.5V for the 1.25×1012 cm-2 

device) or before VBD (breakdown voltage) is exhibited, meaning the surface leakage current is 

still the dominant component although it has been eliminated to a certain degree. Furthermore, the  

 

Figure 4-2 The I-V measurements of the devices at 

different stages of passivation under 295K. 
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dark currents at 77K of devices with and without Al2O3 passivation are shown in Fig. 4-4, and they 

  

decrease drastically by an order around 5 from room temperature to 77K, under which the radiation 

measurements are conducted. The obvious improvement in dark current under 77K indicates that 

Al2O3-passivated AlAsSb/GaSb devices have the advantage and potential to show better 

spectroscopic resolution by the significantly lowered electronic noise. 

4.3.2 Temperature-dependent dark current 

 Two important device properties are characterized through temperature-dependent 

measurements, which are current activation energies and breakdown behavior. The measurement 

result is shown in Fig. 4-5. Again, the dark current shows strong dependence on temperature and 

no abrupt increment in dark current across the applied biases is observed before breakdown. This 

indicates that the BTBT currents from both the AlAsSb and GaSb layers are negligible, which is 

also the fact for the device without Al2O3 passivation. The profiles of the temperature-dependent 

Figure 4-3 The J-V measurements of the Al2O3-

passivated devices of different sizes at 295K. 

. 

Figure 4-4 The I-V measurements of the 

devices with and without Al2O3 passivation in 

two sizes at 77K.  

. 
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measurement are roughly the same in devices with and without Al2O3 (section 3.3.2), the major 

difference is the order of magnitude where the Al2O3-passivated device is lower. 

 

 

 

 

 

 

 

 

 

Before analyzing the activation energy, the dark current is first decoupled into bulk 

component and surface component for more accurate study. By plotting the total current density 

against the perimeter-to-area ratio, the bulk component and the surface component are extracted 

by the intercept and the slope of the plotted line. The decoupling is shown in the following: 

                                  I (total) = 𝐽𝑏𝑢𝑙𝑘 × 𝐴 (𝑎𝑟𝑒𝑎) + 𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒 × 𝑃(𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟),                      (4.1) 

where 𝐽𝑏𝑢𝑙𝑘 has the unit of A/cm2 and 𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒 has the unit of A/cm. By dividing A(area) on both 

sides: 

                                              
I

A
= Jtotal = Jbulk +  Jsurface ×

P

A
.                                                 (4.2) 

With 𝐽𝑏𝑢𝑙𝑘 and 𝐽𝑠𝑢𝑟𝑓𝑎𝑐𝑒 obtained under different temperature at a given bias (-0.1V is chosen here 

for minimized field effect), their respective activation energy can be fitted using the following 

Arrhenius model: 

                                                             J = A × 𝑇
3

2 × exp (
−𝐸𝑎

𝐾𝑇
).                                                     (4.3) 

Figure 4-5 The temperature-dependent I-V measurement of the 

Al2O3-passivated AlAsSb/GaSb device with mesa diameter of 400 um. 
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where A is a fitting parameter, T is temperature, K is the Boltzmann constant and 𝐸𝑎  is the 

activation energy. The activation energy is then extracted by plotting ln (J/𝑇1.5) against 1/T , 

where the slope is -𝐸𝑎/k. 

Fig. 4-6 shows the Arrhenius plot of bulk currents from devices with and without Al2O3 

passivation. The activation energy extracted from the two plots only show a difference of 2%, 

indicating the bulk activation energy is an intrinsic characteristic of the material which does not   

  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-6 Arrhenius plots for bulk current activation energy extraction from the 

AlAsSb/GaSb devices with (left) and without (right) Al2O3 passivation. 

Figure 4-7 Arrhenius plots for surface current activation energy extraction from the 

AlAsSb/GaSb devices with (left) and without (right) Al2O3 passivation. 
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vary with surface condition. Fig. 4-7 demonstrates the Arrhenius plot of surface currents from 

devices with and without Al2O3 passivation. In contrast, the surface activation energies differ by 

30%, and the Al2O3-passivated device shows a higher activation energy. This result suggests a 

suppressed surface conduction in the Al2O3-passivated device since higher 𝐸𝑎 means it’s more 

difficult to activate the surface current. 

4.3.3 Breakdown behavior 

 The breakdown voltage is plotted against temperature in Fig. 4-8 to explore the breakdown 

behaviors. Same as observed in the device without Al2O3 passivation (section 3.3.2), the positive 

temperature coefficient of breakdown voltage suggests that the dominant breakdown mechanism 

is the avalanche process, and no significant increment of dark current before breakdown (Fig. 4-5) 

shows that the breakdown takes place in the AlAsSb region. In addition, the temperature 

coefficients are about the same in the devices with and without Al2O3 passivation, which 

demonstrates that the breakdown voltage temperature coefficient is an intrinsic characteristic of 

the AlAsSb material, since in both cases breakdown event takes place in the AlAsSb region 

regardless of the surface passivation. 

 

 

 

 

 

Figure 4-8 The temperature-dependent measurements of breakdown voltage of the 

AlAsSb/GaSb devices with (left) and without (right) Al2O3 passivation.  
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4.4 Gamma-ray measurement 

4.4.1 Packaged device characteristics 

 Fig. 4-9 shows the dark current at 295K of the wire-bonded Al2O3-passivated device (blue 

curve), which is higher than the on-chip performance (red curve) due to inevitable defects 

introduced in the wire bonding process. However, when comparing to the wire-bonded device 

which is not Al2O3-passivated (black curve), it possesses the advantage of lower current level of 

around 1 order of magnitude and is therefore expected to have better electronic noise performance.  

 

 

 

 

 

 

 

Fig. 4-10 demonstrates the dark currents of the wire-bonded devices at 77K. Interestingly, kinks 

are observed in both the I-V curves at 15.6V and 18.5V for the devices with and without Al2O3 

respectively, which are absent at room temperature. The undesirable kinks can be attributed to the 

contact defects between the wires and the devices, which are commonly seen when encountering 

interface issues6. The trapped carriers at the interface can scale the energy barrier between the 

device and the wire when the electric field is strong enough, which is the reason that the dark 

Figure 4-9 The I-V measurements of the wire-

bonded devices with and without Al2O3 

passivation as well as the on-chip Al2O3-

passivated device at 295K. 

Figure 4-10 The I-V measurements of the 

wire-bonded 400um devices with and 

without Al2O3 passivation at 77K. 

. 
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current rises abruptly after a certain reverse bias. This current mechanism becomes dominant under 

low temperature and is negligible in comparison to the large number of thermal carriers at room 

temperature. 

Consequently, although having lower dark current floor in the entire bias range at 295K, 

the advantage of using Al2O3 passivation here is restricted in a certain bias region ranging from -

12V to -16.5V (marked by dashed circle in Fig. 4-10) at 77K. The wire-bonded Al2O3-passivated 

device will be used in that very bias region for the following radiation measurements to show 

improved resolution performance through reduced electronic noise. 

4.4.2 241Am spectra and noise performance 

 Before the radiation measurement, the electronic noise associated with the device and the 

readout system were calibrated and the optimum condition was determined. Fig. 4-11 shows the 

representative 241Am spectrum obtained by the Al2O3-passivated AlAsSb/GaSb device at a reverse 

bias of 14V with a shaping time of 0.5 µs. The reverse bias of 14V was chosen because the electric 

field distribution under that bias provides the best carrier collection condition (section 3.5.5), by  

 

 

 

 

 

 

 

 

 

Figure 4-11 1.55 GBq 241Am spectrum obtained by the Al2O3-passivated 

GaSb/AlAsSb device at reverse bias of 14 V for 5000 seconds at 77 K. 
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which the excess noise from charge transport across the AlAsSb/GaSb interface reached the lowest 

level. The 1.55 GBq 241Am radioactive source was carefully placed about 2 mm away from the 

Al2O3-passivated AlAsSb/GaSb device to maximize the count rate of incident photons. As shown 

in Fig. 4-12, the acquired energy spectrum has the same contour as the one from the device without 

Al2O3 passivation, however, the overall signal counts are significantly lower in contrast (Fig. 4-

12). This indicates the serious carrier loss due to defects at the wire contacts suggested by the dark 

current kink in the previous section (Fig. 4-10). 

 

 

 

 

 

 

 

 

Figure 4-12 1.55 GBq 241Am spectra obtained by the devices with and 

without Al2O3 passivation for the same exposure time of 900 seconds at 77 K. 

Figure 4-13 (a) Three signature energy lines of the 1.55 GBq 241Am spectra obtained by Al2O3-

passivated GaSb/AlAsSb device. (b) Absence of the 59.5 keV photopeak in the same spectrum. 
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Although no prominent photopeak is present, the low-energy lines in the 241Am spectrum 

can still be identified in the close-up of Fig. 4-11 (Fig. 4-13(a)), including Sb-Kα X-ray (26.3 keV), 

Sb-Kβ escape (29.8keV) and Sb-Kα escape (33.2 keV), which can be resolved by fitting with the 

Gaussian distributions. On the other hand, the 59.5 keV photopeak can be hardly seen (Fig. 4-

13(b)), which is buried by the large excess noise resulted from carrier loss at the wire contacts. 

Other spectra under different biases were also acquired, however, no 59.5 keV photopeak was 

obtained either. Only the result of the 14V spectrum is shown here because it provides the balance 

between acceptable dark current level in the kink area and excess noise from incomplete carrier 

collection at AlAsSb/GaSb interface.  

Despite having no 59.5 keV photopeak from the passivated device, lower electronic noise 

is achieved through surface leakage current reduction as demonstrated by the narrower FHWM of 

the pulser. The FWHM of the pulser used with the passivated device is 2.26 keV, which is 

improved from 2.85 keV by 20 percent in the measurement of the non Al2O3-passivated device. 

4.4.3 Detection linearity 

 The detection linearity of the Al2O3-passivated AlAsSb/GaSb device has been 

characterized using the energy lines of Sb-Kα X-ray (26.3 keV), Sb-Kβ escape (29.8keV) and Sb-

Kα escape (33.2 keV) in Fig. 4-11. The MCA channel number (or the shaped pulse heights) 

exhibits good agreement with the corresponding photon energies. A linear fitting shows the 

coefficient of determination R2 = 0.99839, indicating good detection linearity of the Al2O3-

passivated AlAsSb/GaSb device (Fig. 4-14). 
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4.5 Discussion 

 In this chapter, a thin layer of Al2O3 was deposited on the AlAsSb/GaSb device by ALD. 

Through electrical characterization, the dark current was shown to be effectively lowered as the 

surface current, which is the dominating component, was well suppressed by the insulation of 

Al2O3. In addition, a higher surface current activation energy was extracted from the temperature-

dependent measurement, indicating that it has become harder to activate the surface current with 

the deposited Al2O3. On the other hand, the extracted bulk current activation energy and the 

breakdown temperature coefficient showed no significant difference from the device without 

Al2O3 passivation, since they belong to bulk properties and do not vary with surface condition.  

Before radiation measurement, the Al2O3-passivated device was packaged and electrically 

characterized. The I-V curve of the packaged device showed a kink at -15V, which was a result of 

Figure 4-14 Measured MCA channel numbers versus 

the corresponding signature photon energies of 241Am 

source using the Al2O3-passivated GaSb/AlAsSb 

device at 77 K. 
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the defects at wire contacts. The radiation response was thus measured in a confined bias range to 

avoid the large dark current associated with the kink. Unfortunately, the excess noise induced by 

the defects overshadowed the signal from the 59.5 keV photon in the obtained 241Am spectrum. 

The overall signal count rate was also cut short by the severe carrier loss through recombination 

at the defect sites. However, the Al2O3-passivated device still successfully proved the concept 

proposed in this chapter, which is lower electronic noise by surface current reduction, as indicated 

by the narrower pulser FWHM. Therefore, a better spectroscopic performance at 59.5 keV peak is 

expected to take place if the wire bonding process could be completed with less defects introduced. 

 In summary, despite the unsatisfying overall spectroscopic performance, the concept of 

lower electronic noise through Al2O3 surface passivation has been demonstrated.  
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5. Conclusions and future work  

 

5.1 Conclusions 

 This thesis has demonstrated the potential of applying Al2O3 passivation through ALD to 

eliminate surface leakage path on the GaSb/AlAsSb detector, which reduces the detector’s dark 

current and gives better spectroscopic performance. In comparison to the non Al2O3-passivaetd 

device, which dark current is dominated by surface leakage current as shown by the increasing 

dark current with decreasing mesa size, the Al2O3-passivated device exhibits a lower dark current 

by 1 order of magnitude at room temperature, and 2 to 3 orders of magnitude under 77K. With 

further analysis using Arrhenius plot, the surface current activation energy is indicated to be larger 

in the Al2O3-passivaetd device, meaning the surface defect states located in the bandgap are 

effectively reduced, and thus the energy required for surface current to take place increases. In the 

spectroscopic measurement, although better resolution in the 59.5 keV photopeak was not obtained 

with the Al2O3-passivated detector, the electronic noise as indicted by the pulser was improved 

from 2.85 keV to 2.26 keV. Better 59.5 keV resolution is expected if the excess noise from 

packaging defects can be reduced. 

 

5.2 Suggestions for future work 

Minimizing the dark current level to reduce the electronic noise is the core idea to promote 

the spectroscopic resolution of the GaSb/AlAsSb detector. Through I-V measurements of the 

AlAsSb/GaSb device, it was found that the surface leakage mechanism dominates its dark current, 

and thus surface passivation is essential to achieve the goal of this work. In chapter 3, ammonium 
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sulfide passivation, which is widely employed for III-Sb material, was used to etch off the native 

oxides and cap the dangling bonds with sulfur on the detector surface. Although the effect of 

ammonium sulfide is satisfying in comparison to the device without it, it is still limited and 

unstable as the sulfur would desorb from the surface. To address this issue in chapter 4, Al2O3 is 

deposited on the device sidewall through ALD to hold the sulfur and inhibits the formation of the 

Sb segregation layer, which exists at the interface between the native oxides and the detector 

materials. Although the spectroscopic measurement of the Al2O3-passivated device did not 

explicitly show superior photopeak resolution because of the packaging defects, the narrower 

pulser has confirmed the suppressed electronic noise.  

To further refine the dark current level and make sure the passivation is sustainable and 

reliable, it is desirable to minimize the surface leakage current by not just altering the surface 

condition, but also optimizing the materials from its interior based on the understanding of how 

the conduction path can be affected. Blum et al. showed that the wet lateral oxidation of AlAsSb 

produces Al2O3 with a tiny amount of arsenic and a layer of antimony existing at the interface 

between the Al2O3 and the AlAsSb. This layer of antimony is a mixture of crystalline and 

amorphous antimony1, and it accounts for most of the surface conduction path. In addition, the 

thickness of the antimony segregation layer is found to be proportional to the thickness of the 

Al2O3
2. Therefore, if the oxidation of the AlAsSb layer can be inhibited, the formation of the 

antimony layer will be suppressed as well (and hence the conduction path).  

Incorporating gallium into AlAsSb (AlxGa1-xAsSb) was reported to lower the oxidation 

rate of AlAsSb by Mathis et al2. It was showed that AlAsSb lateral oxidation becomes diffusion-

limited at temperatures of ~425°C and higher. However, when 2%–10% gallium is added to 

AlAsSb, lateral oxidation is still reaction-limited at least up to 450°C. This result indicates that 
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with gallium incorporation, the oxidation reaction tends to slow down and act as the dominant step 

(the slowest step) in the entire oxide forming process, despite of having a higher thermal energy 

which favors the reaction. Therefore, dark current in AlAsSb is expected to reduce with gallium 

addition since the thickness of antimony segregation layer is curtailed along with the inhibited 

growth of Al2O3. Indeed, in a study of X. Zhou et al3, while having reduced bandgap and 

breakdown voltage (Vbd), AlxGa1-xAsSb (x = 0.05, 0.1 and 0.15) demonstrated a lower dark 

current than that of AlAsSb by 1~3 orders of magnitude.  

Although a reduced bandgap facilitates thermal generation of carriers which increases the 

dark current, AlxGa1-xAsSb is exhibiting an overall lower dark current because the dominant factor 

(surface leakage) is suppressed. Meanwhile, there is no drastic change in lattice constant observed 

with up to 15 percent of gallium added into AlAsSb3, so the original lattice-match relation between 

the AlAsSb and its neighboring material (e.g. substrate or other layers in a PIN diode) can be 

preserved. Consequently, AlxGa1-xAsSb (x ≤ 0.15) has the potential to be a low-dark-current 

avalanche region that can replace the AlAsSb junction layer in this work.  

As a result, incorporating gallium into the multiplication layer of the AlAsSb/GaSb device 

(making it AlxGa1-xAsSb/GaSb, 0.1 ≤ x ≤0.15) is suggested as the future work and extension of 

this project. Moreover, using the combination of Al2O3 passivation and gallium incorporation is 

also recommended, since their effects of dark current lowering are likely to add up and a further 

enhanced spectroscopic performance is expected. 
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Appendix A. Device fabrication  

 

A.1 Fabrication steps 

1. Rinse the device sample with acetone, methanol, and isopropanol for degreasing every time  

prior to photolithography, and blow dry with nitrogen spray gun.  

2.  Pattern the device sample with mesa mask using AZ-5214E photoresista.  

3.  Etch the device sample using BCl3/Ar (50:10 sccm, RF power = 800W) recipe in the 

Unaxis SLR 770 etcher to the desired device layer. Measure the etched depth of the device 

sample using the Dektak profilerb.  

4.  Pattern the device sample with the contact mask for n-type GaSb layer using AZ-5214E 

positive photoresist.  

5.  Bottom contact deposition Ni/Ge/Au (100:550:1500 Å) using e-beam evaporatorc. Lift-off 

with acetone.  

6.  Anneal the device sample at 280-300ºC for 30 seconds to improve the contact resistance. 

Check the I-V curves to ensure the contact exhibits ohmic behavior and perform TLM 

measurement to extract the contact resistivity (typically <5×10-4 Ω·cm2).  

7.  Pattern the device sample with the contact mask for p-type GaSb layer using AZ-5214E 

positive photoresist.  

8.  Top contact deposition Ti/Pt/Au (500:500:1000 Å) using e-beam evaporator. Lift-off with 

acetone. Check the I-V curves to ensure the contact exhibits ohmic behavior and perform 

TLM measurement to extract the contact resistivity (typically <6×10-6 Ω·cm2).  

9.  Pattern the device sample with the passivation mask for p-type GaSb layer using AZ-5214E 

photoresist.  
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10.  Prepare HCl:H2O:H2O2 (100:100:1) etchant and (NH4)2S:H2O (1:4) solution, and wait at 

least 15 minutes for the etchants to settle down.  

11. Dip the device sample in the HCl etchant for 30 seconds, wash the sample in deionized 

water for 5 seconds, then place the sample in the (NH4)2S bath for 15 minutes.  

12.  Remove the device sample from the (NH4)2S bath, and blow dry with nitrogen.  

13.   Rinse the device sample with acetone and isopropanol, and immerse the sample in 

methanol.  

14. Blow dry the sample with nitrogen, and transfer the device into Fiji Thermal and Plasma 

ALD for 300 cycles of Al2O3 deposition (1 nm/cycle) with 200°C as the substrate 

temperature. 

15.  Pattern the sample with reversal image of the contact mask for p-type GaSb layer using 

AZ-5214E positive photoresist.  

16. Contact opening by immersing the sample in BOE (Buffer Oxide Etch) for 30 sec (etch 

rate: 1nm/sec). 

17. Rinse the sample with deionized water and blow dry with nitrogen. Check the I-V curves 

to ensure the contact is fully exposed. 

 

aAfter patterning, it is recommended to perform the descum process using oxygen plasma to 

remove residual photoresist in the developed area.  

bAfter every process, it is recommended to perform plasma stripping process (at 200ºC) to ensure 

the complete removal of photoresist on the device sample.  

c30 seconds HCl:H2O (1:1) etch is used for oxide removal before loading the device sample into  

the evaporator. 
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1. B.C Juang. Development of antimonide-based energy-sensitive radiation detectors.  
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Appendix B. Radiation measurement 

 

B.1 Measurement system setup 

  Current pulses are produced from a radiation detector under exposure to gamma-ray or X-

ray. The current signal will be converted into voltage pulses by the readout electronics to facilitate 

the digitization and extraction of the energy information.  The readout electronics employed in this 

work consist of a charge-sensitive amplifier (Amptek A250CF), a spectroscopy amplifier (ORTEC 

673) performing semi-Gaussian pulse-shaping, and a multi-channel analyzer (Amptek MCA-

8000D). A pulse generator (Berkeley Nucleonics Model BH-1) is connected to the charge-sensitive 

amplifier as an additional input besides the detector to calibrate and measure the electronic noise. 

The measurement system is depicted in Fig. B-1. 

 

 

Figure B-1 The radiation measurement system, including a power supply, a charge-sensitive 

amplifier, a pulse-shaping amplifier, a multichannel analyzer, and a computer. The pulse generator 

is used to feed pulses into the test input of the charge-sensitive amplifier to measure the system 

electronic noise6. 
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B.1.1 Radioactive source 

 241Am was used as the radioactive source for gamma-ray and X-ray measurement in this 

work. The signature emission1 from the 241Am include Np Lα X-ray at 13.9 keV (probability: 

9.6%), Np Lβ X-ray at 17.8 keV (probability: 7.1%), Np Lγ X-ray at 20.8 keV (probability: 1.39%), 

and primary gamma decays of 26.3 keV (probability: 2.4%) and 59.5 keV (probability: 35.9%). 

Two 241Am sources with different radioactivity were utilized, which are 0.74 MBq (~20 µCi, 

calibrated in 2006) and 1.55 GBq (~42 mCi, calibrated in 2006). Stronger source was used to 

specifically increase the counting statistics of 59.5 keV gamma-rays, since the low-energy photons 

were easily scattered or diminished after traveling through the source packaging. 

B.1.2 Charge-sensitive amplifier 

The charge-sensitive amplifier (hereafter preamplifier) integrates the signal gathered from 

the detector and perform a first-stage amplification for later signal processing. The simplified 

diagram of the preamplifier is shown in Fig. B-2. Integration of the charge collected by the detector 

is done thorough the feedback capacitor, Cf, and voltage pulses are then created at the output.   

 

 

 

 

 

 

Figure B-2 Circuit model of simplified 

charge-sensitive amplifier6. 

Figure B-3 Block diagram of the charge-sensitive 

amplifier (A250CF, Amptek Inc.) used in the 

measurement system2. 
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A feedback resistor (Rf) is used to discharge the capacitor and zero the voltage pulse at the output. 

The feedback capacitor determines the gain of the preamplifier, and the charges integrated on the 

capacitor dictate the amplitude of the output signal, as long as the accumulation time of the charge 

is shorter than the decay time constant Rf ×Cf. 

The block diagram of the preamplifier is demonstrated in Fig. B-3, which consists of front-

end field-effect transistors (FET), a feedback capacitor Cf (=0.5 𝑝𝐹), and a feedback resistor Rf 

(=1𝐺Ω). The noise of the input FET plays an important role in electronic noise of the whole system 

besides the one form the detector. Optimum signal-to-noise ratio can be achieved by matching the 

capacitance of the detector to that of the input FET3. The reason of this is that the transconductance 

of the input FET, which is proportional to the FET capacitance, should be as high as possible to 

reduce the preamplifier noise. Nevertheless, high input FET capacitance will contribute 

significantly to the total electronic noise. As a result, having the input FET capacitance equal to 

the detector capacitance balances the two factors and gives rise to the optimized noise condition. 

In Fig. B-3, there are three different FETs for the detector to match with, including FET 1 and FET 

2 which have a low capacitance of 8 pF, and FET 3 which has a high capacitance of 30 pF. The 

device proposed in this work has its capacitance below 15 pF in the working bias range, hence, 

FET 1 is chosen unless otherwise specified. Reducing the leakage current and increasing the 

transconductance of the input FET though thermoelectric cooling will also improve its noise 

performance. 

In addition to the noise from the leakage current and the capacitance of the input FET, 

small Rf would also lead to serious Johnson noise and compromise the total electronic noise. 

However, large Rf  would make the decay time too long which results in pulses pilling up and 
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signal distortion (Fig, B-4). A way to avoid this problem is to build the preamplifier without Rf 
4,5, 

by which the electronic noise could be significantly lowered. 

 

 

 

 

 

 

  

 

 

 

B.1.3 Pulse-shaping amplifier 

The main purpose to use a shaping amplifier is to amplify the amplitude of the pulses 

generated from the preamplifier and make it more easily recognized by the following MCA. The 

shaping amplifier would help the pulse height measurement become more precise and promote the 

further digitization. Moreover, the shaping amplifier performs semi-gaussian pulse shaping to 

enhance the signal-to-noise ratio while preserving the pulse height information (Fig. B-5). The 

shaping amplifier is commonly built up by the CR-(RC)n circuit to curtail the bandwidth of the 

signal, which help eliminate the background white noise since it is frequency-dependent and 

proportional to the bandwidth. The first-stage CR circuit serves as high-pass filter which remove 

the long pulse tail by attenuating the low frequency components. The second stage consists of 

several RC circuits functioning as low pass filters that truncates the high frequency components, 

which often contain excessive noise. The removal of high frequency components also increases 

the rise time of the pulse which facilitates the reading of pulse height in MCA. 

Figure B-4 Pulses pile-up at the output of preamplifier. The pulse is 

truncated if it gets over the preamplifier saturation level, leading to a 

pulse distortion6. 



 
 

66 
 
 

 

 

 

 

 

 

 

 

 

 

 

While performing bandwidth reduction, the shaping amplifier used in this work also 

contains a more complex circuit which performs semi-gaussian pulse shaping in the second stage7. 

This not also promotes the SNR but also reduce the output pulse width close to the baseline which 

reduce the dead time at high counting rates.  

An important parameter in using the shaping amplifier is the time constant of the low-pass 

and the high-pass filters, which are normally designed to be the same. The choice of the time 

constant, also referred as the shaping time constant, is of high importance to achieve high energy 

resolution in X-ray and gamma-ray spectroscopy. Since most of the electronic noise components 

depend strongly on the shaping time constant (e.g. parallel noise and series noise), it is possible to 

optimize the electronic noise of a system by adjusting the shaping time constant. 

 

 

Figure B-5 Example of output signal from the 

preamplifier (black) and shaping amplifier (red) 

recorded by oscilloscope6. 
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B.1.4 Multichannel analyzer 

 The multichannel analyzer (MCA) is an analog-to-digital converter (ADC) that is used to 

record the counts of pulses of different heights. The main functions of the MCA are to capture the 

arriving pulses, observe the pulse height for digitization and register the information into the 

corresponding memory unit. The MCA applied in this work has totally 8192 memory channels, 

and every channel, which represents an individual pulse height, has their own corresponding 

address in the memory unit. The maximum pulse voltage that the MCA can accept in this work is 

10V, and it is divided by the total number of channels. When the MCA captures a pulse from the 

input, it conducts a linear conversion on the pulse height (in volts) to the digital-scale according to 

its maximum amplitude. The output is then registered to the corresponding channel number and 

then the counting is performed. The total count registered in the channels is equal to the pulses 

captured by the MCA, as long as the time interval between pulses is not shorter than the resolving 

time of the MCA and the time used to register the information into the memory. After the channel 

spectrum is acquired with known radioactive source, the energy scale can be calibrated according 

to the signature energy lines with the corresponding channel numbers. For a good detector, the 

channel numbers of the photopeaks should show good linearity with respect to the signature 

energies, and the relation would be able to be expressed by 𝑦 = 𝐴𝑥 + 𝐵, where 𝐴 and 𝐵 are fitting 

parameters. 

 

B.2 Electronic noise calibration 

 The electronic noise of a measurement system is the fluctuation in noise charge caused by 

the system’s electronic components. This noise could be contributed by various sources of leakage 

current and capacitance existing at the input of the preamplifier. During the measurement of the 
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electronic noise, the detector needs to be connected to the preamplifier to take into account the 

contribution from the detector’s leakage current and capacitance. The pulse generator is used to 

produce a long-tail pulse (pulser) with a time constant of 100us as a reference to measure the 

electronic noise. The long-tail pulse is sent into the test input of the preamplifier and coupled with 

the main input where the detector is connected through a test capacitor of 0.5 pF. The fluctuation 

in the pulse height of the long-tail pulse is observed through the FHFM of the pulser peak by MCA, 

and this FWHM is converted into energy once the channel-energy relation is established. The 

equivalent noise charge (ENC) of the electronic noise is obtained by the following formula:  

                                             𝐹𝑊𝐻𝑀𝑒𝑙𝑒𝑐 (𝑒𝑉) = 2.355 ∙ 𝜀 ∙ 𝐸𝑁𝐶𝑒𝑙𝑒𝑐 (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛),                           (B.1) 

where 𝜀 is the pair creation energy of the detector material. The electronic noise could be further 

decomposed into several components with the dependence of ENC on shaping time 𝜏𝑠ℎ
3,8,9,10,    

                                   𝐸𝑁𝐶2𝑒𝑙𝑒𝑐 = 𝐸𝑁𝐶2𝑝 ∙ 𝜏𝑠ℎ + 𝐸𝑁𝐶2𝑠 ∙ 
1

τsh
 +(𝐸𝑁𝐶21/𝑓 + 𝐸𝑁𝐶2𝑑𝑖𝑒),                  (B.2) 

𝐸𝑁𝐶𝑝 is the parallel noise, it is mainly contributed by the shot noise of leakage current from the 

detector and the FET at the preamplifier input. In addition, the feedback resistor of the preamplifier 

is also a source of parallel noise. 𝐸𝑁𝐶𝑠 is the series noise, largely caused by the thermal noise from 

the current inside the FET at the preamplifier output. The series noise is proportional to the total 

capacitance (𝐶𝑡𝑜𝑡) at the preamplifier input, which consists of the detector capacitance (𝐶𝑑𝑒𝑡), the 

FET capacitance (𝐶𝐹𝐸𝑇), the feedback capacitance (𝐶𝑓), the test capacitance (𝐶𝑡), and the stay 

capacitance (𝐶𝑠). 𝐸𝑁𝐶1/𝑓 is the flicker noise, which comes from the flicker noise of the drain current 

in the FET at the preamplifier input. 𝐸𝑁𝐶𝑑𝑖𝑒 is the dielectric noise, which can be accredited to the 

charge noise generated by the polarization of the lossy dielectrics at the vicinity of the preamplifier 

input. By measuring the ENC at several shaping time constants (Fig. B-6), we can have deeper 
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insight of the dominant component of the electronic noise and perform analysis that gives further 

understanding. 

 

 

 

 

 

 

 

 

 

 

The signal baseline fluctuation contributed by the readout electronics can be calibrated by 

sending the pulser signal into the preamplifier and observe the FWHM of it. The amplitude 

fluctuation of the pulser measured after traveling through the readout electronics chain reflects the 

electronic noise in the system. The electronic noise calibration prior to the spectroscopy 

measurement is suggested to obtain the best shaping time for the lowest electronic noise form the 

system. The calibration can be conducted under two circumstances, (1) the input of the 

preamplifier is capped by a protective lid, and (2) the input of the preamplifier is connected to a 

2.5-inch-long coaxial cable which bridges the preamplifier and the cryostat chamber (for low 

temperature measurement). As a result, the measured noise is represented by the FWHM in 

channel numbers, as appears in Fig. B-7. In case (1), the pulser FWHM has a minimum at shaping 

time of 1us. The increase of FWHM is limited by current noise and voltage noise respectively in  

Figure B-6 ENC of the measured total electronic noise 

and its component as a function of shaping time 

constant6. 
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the long and short shaping time region. In case (2), the increase of the pulser FWHM is observed 

in nearly all range of the shaping time, which can be attributed to the additional capacitance 

induced by the coaxial cable. This additional capacitance is especially obvious in the low shaping 

time region where the slope becomes steeper than that in case (1). The minimum FWHM in case 

(2) is about 17.9 channels at 1 µs, which represents the minimum noise floor in our readout 

electronics system. Notice that when connected to the detector, the optimal shaping time may vary 

due to the leakage current and the capacitance of the detector, but the calibration of the system still 

provides us a rough range of where the best condition is. 
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