
vi 

 

Table of Contents  

 

List of Figures ................................................................................................................. viii 

List of Tables .................................................................................................................... xi 

Chapter 1:  Introduction ................................................................................................ 1 

Chapter 2:  Background & Theory ............................................................................... 3 

2.1 Desirable Properties .................................................................................................. 3 

2.1.1 Atomic Number, Z .............................................................................................. 3 

2.1.2 Band Gap ............................................................................................................ 6 

2.1.3 Charge Transport ................................................................................................ 9 

2.2 Current Popular Semiconductor detectors............................................................... 11 

Chapter 3:  Simulations & Benchmarking ................................................................. 13 

3.1 Benchmarking ......................................................................................................... 13 

3.2 AlSb Simulation Model ........................................................................................... 15 

Chapter 4:  Sample Production ................................................................................... 22 

4.1 Growth by Heteroepitaxy ........................................................................................ 22 

4.2 Growth Structure ..................................................................................................... 24 

Chapter 5:  Characterization ....................................................................................... 29 

5.1 Surface: Nomarski, AFM ........................................................................................ 29 

5.2 Material Composition: X-Ray Diffraction (XRD) .................................................. 33 











xi 

 

List of Tables 

 

1. Number of electrons in the conduction band for HPGe cooled to liquid nitrogen 

temperatures, CZT and AlSb at room temperature, and the upper and lower limits 

for desirable band gap for semiconductor radiation detectors ................................ 8 

2. Useful material properties for some semiconductor radiation detectors [3]. ........ 12 

3. Lattice constants for important AlSb diode structure layer interfaces [5] ............ 25 

4. Structure and characterization details for samples used ....................................... 29 

5. Hall effect measurements for sample L11-37, taken at room temperature ........... 39 

6. Peak to peak noise observed on oscilloscope from available pre-amps in lab, using 

SSB 27-473G (BA-15-25-1500) and Am-241 source .......................................... 47 

 

 
 

 

 

 

 

 

 

 

 

 

 



1 

 

Chapter 1:  Introduction 

 

For gamma radiation, the most common detectors are sodium-iodide (NaI) scintillators, 

high-purity germanium (HPGe) semiconductors and cadmium-zinc-telluride (CZT) 

semiconductors.  For optimal resolution, HPGe detectors must be cooled to liquid 

nitrogen temperatures, limiting portability and ease of use.  NaI detectors are operable at 

room temperatures but are significantly inferior to HPGe with respect to energy resolution 

[3].  The most recent addition, CZT, operates at room temperature, has improved 

resolution [1] (compared to NaI), but has low hole mobility, reducing it to a single charge 

carrier detector.  A well-known disadvantage, the result is poor spectral performance [3], 

and reduced photopeak efficiency [1].  This also limits the detector thickness to maintain 

reasonable resolution, as an event near the cathode will have different charge collection 

properties than an event near the anode [3]. This effect will be revisited in detail in the 

following chapter. 

New technology involving semiconductor production introduces new materials to be 

considered for use in this field.  The properties that impact the performance of 

semiconductor materials will be covered extensively in the following chapter.  Of the 

many compounds recently explored by various researchers, aluminum antimonide (AlSb) 

has several promising properties for radiation detection, some of which suggest that it may 

be operable at room temperature and maintain good resolution.  There are, however, 

several properties that remain unknown.  Until recently, only bulk growth methods had 

been used to produce AlSb and, due to difficulties with the material exposure to air and 

crucibles, high levels of defects were observed.  In spite of the encouraging theorized and 

measured characteristics [3], this reactivity has prevented production of AlSb by any 

method with low enough defect levels to achieve a gamma ray induced response 

measurable above noise. 

The primary objective of this research was to examine the suitability and performance 

characteristics of AlSb as a radiation detector.  A discussion of the background and theory 
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surrounding the development of AlSb as a semiconductor detector is to follow in Chapter 

2.  Simulations using Monte Carlo methods were conducted and are covered in Chapter 3 

and all relevant input files can be found in the appendix.  AlSb sample material production 

and characterization measurements were performed and are described in Chapters 4 and 5, 

respectively, followed by a discussion of the results in Chapter 6.  The radiation detection 

evaluation is described in Chapter 7, where experimental procedures and analysis is 

presented.  Future work, discussed in Chapter 8, may be done to further determine the 

opportunities and restrictions involved with producing a radiation detector using AlSb.   
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Chapter 2:  Background & Theory 

 

2.1 Desirable Properties 

When energetic photons interact with the semiconductor atoms, a large number of electron-

hole pairs are generated proportional to the energy deposited by the incident photon.  A 

reverse bias is applied to produce a depletion region so no current flows except for charge 

liberated by radiation in the depletion region itself.  This depletion region is the active 

region of the detector.  Due to the applied electric field the electrons and holes move as 

charge carriers through the semiconductor device toward the opposing electrodes.  The 

charge induced on the electrodes varies according to the movement of the charge carriers 

and this charge is converted to a voltage pulse using a charge sensitive amplifier.  The 

signal amplitude should be proportional to the energy deposited by the gamma radiation. 

[33] 

The intrinsic or engineered crystal properties involving the generation and transit of 

electrons and holes are of considerable interest.  These include the atomic numbers of the 

constituents, the band gap of the compound, and the charge induction efficiency (CIE). 

 

2.1.1 Atomic Number, Z 

The three types of photon interactions that are important for radiation detection 

measurements are photoelectric absorption, Compton scattering and pair production.  The 

third mechanism only occurs when the incident photon energy exceeds 1.02 MeV (twice 

the electron rest mass), and remains highly improbable until photon energies reach several 

MeV [8].  This work is more confined to the sub-MeV region where photoelectric and 

Compton effects are relevant. 
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Semiconductor compounds with large atomic number Z exhibit a high interaction cross-

section for energetic photons.  As the atomic number increases, the likelihood of 

photoelectric effect interactions occurring at higher incident photon energies also increases, 

expanding the range over which full photon energies are absorbed, thus improving the peak 

efficiency.  The photoelectric effect dominates photon interactions below a few hundred 

keV, and that effect is strongly dependent on the atomic number of the material.  Above 

that energy, Compton scattering is less strongly dependent on, but scales linearly with, Z.    

During photoelectric effect interactions all of the photon energy is absorbed in the collision.  

An inner shell electron is then ejected, called a photoelectron, from the atom with a kinetic 

energy equal to the difference between the incident photon energy (hν) and the electron 

binding energy (E1), E=hν-E1.  Then, an outer shell electron moves to fill the vacancy, 

resulting in the emission of characteristic x-rays which are also typically absorbed in the 

material.  The absorption cross section for photoelectric effect photons is: 

𝜎 = 𝐴𝑍𝑛(ℎ𝜈)−𝑠
                                                                                           𝑝

𝑎
 (1) 

where A is constant, 4<n<5 and 1<s<3.5 [29].  The mass attenuation plot in Figure 1 

illustrates how the cross section for the photoelectric effect (PE) decreases with increasing 

incident photon energy for AlSb (ZSb=51, ZAl=13) and Ge (Z=32), and is a trend with all 

materials.  The log-log representation of the plot is shown to illustrate large-scale features 

but it should be noted that the interaction cross section is 10,000 times larger for 1 keV 

photons than for 100 keV photons.    
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Figure 1.  Mass attenuation curves for AlSb and Ge. [2] 

 

A Compton scattering interaction occurs when an incident photon collides with a stationary 

electron, transferring a portion of its energy.  The energy transferred is dependent on the 

scattering angle and can range from zero to a large fraction of the gamma ray energy.  If 

zero energy is transferred the photon retains its initial energy (hν) and simply scatters with 

a scattering angle of zero degrees, according to equation 2, where hν’ is the scattered 

photon energy. [8]   

         ℎ𝜈′ =  
ℎ𝜈

1 +
ℎ𝜈
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The scattered photon can then be reabsorbed by photoelectric effect resulting in a full 

energy deposition. 

An atomic number greater than 40 is said to be competitive with germanium without 

requiring excessive detector thickness [29]. 

 

2.1.2 Band Gap 

The energy difference between the conduction band and the valence band, commonly 

referred to as the band gap, determines the energy required to ionize atoms within the 

crystal.  A smaller band gap means a greater number of charge carriers (N) are released 

per energy deposited and, due to higher statistics and lower proportional variation, higher 

resolution.  From Poisson statistics, the relationship to the device resolution (from the 

standard deviation, σ =(Eγ/ε)1/2 ) goes approximately as N1/2, or ε-1/2, where ε represents the 

energy required to form an electron-hole pair.   

The probability of thermal ionization is also large, so narrow band gap detectors must be 

operated at very low temperatures for optimal performance.  The number of thermal 

carriers generated is proportional to exp(-Eg/kBT), where Eg is the band gap energy, kB is 

the Boltzmann constant, and T is absolute temperature.  Increased Eg allows for increased 

T.   If the band gap is larger, dopants (which are used to provide steps across the band 

gap) can be used to accurately adjust the physical properties of the semiconductor to suit 

the targeted energy detection range.   

For room temperature operation with intrinsic detector noise reduced to an acceptable level, 

a band gap between about 1.4 and 2.2 eV is imperative.  The lower limit reflects the 

minimization of the background signal from thermally generated carriers, while the upper 

limit represents a maximization of the number of carriers generated as a result of radiation 

energy deposited. [16] 

The distribution of electrons in a semiconductor device is governed by the Fermi function, 

equation 3 below, and is illustrated by the diagrams in figure 2.   
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                  𝑓(𝐸) =
1

1 + exp (
𝐸 − 𝐸𝐹

𝑘𝐵𝑇
)
 

(3) 

 

 

 

Figure 2.  Fermi-Dirac distribution with increasing temperature [43] 

 

The number of available states, or the density of states (ρ) is given in equation 4 as a 

function of energy.  The product of the density of states and the probability of occupation 

of those states gives the number of electrons per volume with energy between E and dE.   

𝜌(𝐸) =
8√2𝜋𝑚3/2

ℎ3 √𝐸 − 𝐸𝑔𝑎𝑝 (4) 

           𝑁(𝐸)𝑑𝐸 = 𝜌(𝐸)𝑓(𝐸)𝑑𝐸 =
8√2𝜋𝑚3/2

ℎ3 √𝐸 − 𝐸𝑔𝑎𝑝

1

𝑒(𝐸−𝐸𝐹)/𝑘𝑇 + 1
𝑑𝐸 

         𝑤ℎ𝑒𝑟𝑒     𝐸𝐹 =
𝐸𝑔𝑎𝑝

2
 

(5) 
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As equation 6 shows, the electron population in the conduction band, Ncb, can be calculated 

by integrating this product from the top of the band gap to infinity. [42] 

              𝑁𝑐𝑏 = ∫ 𝑁(𝐸)𝑑𝐸 = 𝐴𝑇3/2𝑒−𝐸𝑔𝑎𝑝/2𝑘𝑇
∞

𝐸𝑔𝑎𝑝

 

               𝑤ℎ𝑒𝑟𝑒  𝐴 =
8√2(𝜋𝑚𝑘)3/2

ℎ3
= 4.83 × 1021

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑚3𝐾3/2
 

(6) 

The number of thermally generated electrons were calculated for relevant band gap 

energies and temperatures, shown in table 1.  Values for HPGe are given for liquid 

nitrogen and room temperatures.  Notice that fewer thermal electrons are generated for 

AlSb than for CZT. 

Table 1.  Number of electrons in the conduction band for HPGe cooled to liquid nitrogen temperatures, CZT and AlSb 

at room temperature, and the upper and lower limits for desirable band gap for semiconductor radiation detectors 

Semiconductor  Egap [eV]  @  T [K] 
Number of Electrons in Conduction 

Band [electrons/ m3] 

HPGe          0.74         77 1.98 

HPGe          0.74         300 1.53 x 1019 

Lower Limit     1.4          300 4.36 x 1013 

CZT           1.57         300 1.63 x 1012 

AlSb           1.6          300 9.11 x 1011 

Upper Limit     2.2          300 8.31 x 106 

 

 

Figure 3 illustrates the effect of a reverse bias on a semiconductor with a P-I-N junction 

[44].  Placed between the p+ and n+ doped regions, the “I” region is ideally intrinsically 

semi-insulating and provides for a constant electric field through a large depletion zone.  

This allows for the consistent proportionality of the output signal to the energy deposited 

by incident radiation interactions. 



9 

 

 

 

Figure 3.  Diagrams showing the (a) structure, (b) carrier distribution, (c) charge distribution, (d) electric field, and 

(e) energy bands of a P-I-N diode under reverse bias [44]  

 

2.1.3 Charge Transport  

The transport of charge carriers in semiconductor materials is a crucial intrinsic parameter, 

which can be evaluated by observing the drifting behavior of electrons and holes under an 

applied bias voltage.  For optimal signal generation, a quantity known as charge induction 

efficiency (CIE) is maximized.  Simply, CIE is a ratio of the measured induced charge on 

an electrode (Qm) to the charge actually created in the material (eN), CIE = Qm/eN.  For 

perfect charge induction this ratio is 1, meaning the all of the holes and electrons are fully 

accounted for at the electrodes.  In reality, impurities and defects trap charge carriers so 

that perfect CIE is never achieved. [3] 

The product of charge mobility (μ) and carrier lifetime (τ) is of particular interest for 

calculating the induction efficiency, ƞ. 

                   𝜂(𝑥) =  
(𝜇𝜏)𝑒𝐸

𝐷
[1 − exp (−

𝐷−𝑥

(𝜇𝜏)𝑒𝐸
)]   + 

 (𝜇𝜏)ℎ𝐸

𝐷
[1 − exp (−

𝑥

(𝜇𝜏)ℎ𝐸
)]   (7) 
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Here, D is the detector thickness, E is the electric field intensity (E=bias voltage/detector 

thickness for planar geometry), x is the distance from the cathode, and (μτ)e and (μτ)h are 

mobility-lifetime products for electrons and holes, respectively.  Called Hecht’s Relation 

[8], it describes the behavior of charge transport, as a function of the distance (x) from the 

cathode surface, that the radiation interacted and separated the charges.  If ƞ is non-

uniform the spectral resolution of the detector will be compromised. 

 

 

Figure 4.  Charge induction efficiency [3] 

 

As is depicted in figure 4, germanium maintains constant CIE regardless of a carrier’s 

distance from the electrodes.  This is a result of germanium’s symmetric and high µτ 

properties for electrons and holes, allowing for consistent charge collection.  The angled 

line in figure 4 represents typical values for electron and hole μτ products for CZT.  CZT 

has low hole mobility and poor hole lifetime properties (compared to HPGe) which causes 

lower CIE for radiation interactions near the anode, following Hecht’s equation.  This can 

be interpreted as holes moving slowly towards the cathode and the induced pulse thus being 

broad and being lost to shorter amplifier shaping times, a ballistic defect.  On top of that, 

defects and crystal impurities can trap charges on their path.  The result is a low energy 

tail, meaning poorer photo-peak efficiency within the 12-14% energy window around the 
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photo-peak of interest [1].  This is illustrated for Tc-99m, a common isotope used in 

nuclear medicine, in Figure 5, where the curve shaded in yellow represents the spectrum 

expected from CZT and the curve without shading is indicative of a NaI spectrum.   

 

 

Figure 5.  Tc-99m 140 keV spectra obtained with CZT (shaded in yellow) and NaI (light blue outline). Notice the low-

energy tailing of the CZT.  [1] 

 

High counting statistics requires high carrier mobilities and long carrier lifetimes.  An 

indirect band gap can improve carrier lifetimes by quenching radiative recombination [15].  

At room temperature the mobility, µ, will be limited by electron-phonon scattering, 

although defects in the material can cause µ to be considerably lower.   

A higher carrier mobility (μ) and longer lifetime (τ) means improved charge detection.  A 

µτ product greater than about 0.1 cm2/V is preferred for optimal detector resolution. [16] 

 

2.2 Current Popular Semiconductor detectors 

The table below outlines several emerging or recently improved compound semiconductor 



12 

 

materials that have been evaluated for desirable radiation detection properties.  

Germanium is also included for comparison.  Based on these values, it's easy to compare 

performance characteristics such as the peak efficiency (atomic number), room temperature 

operation (band gap) and consistent resolution across the energy spectrum (carrier lifetime 

and mobility).  

  

Table 2.  Useful material properties for some semiconductor radiation detectors [3]. 

 

 

With the exception of liquid nitrogen cooled Ge and AlSb, all of the compounds 

summarized above have highly non-symmetric values for electron and hole mobilities, 

which suggests inferior spectral performance.  While Luke et al. [3] and Lordi et al. [16] 

report relatively large theorized mobilities for AlSb (μe = 1100 cm2/Vs and μh = 700 

cm2/Vs), other researchers [22, 25] present much smaller measured values (μe = 60 to 200 

cm2/Vs and μh = 100 to 400 cm2/Vs).  As was mentioned previously, there are several 

properties that have not been reported for AlSb.  However, the large atomic number for 

antimony (Z=51) and the size of the band gap (1.6 eV) are well-established values, and are 

encouraging for the purpose of this study. 
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Chapter 3:  Simulations & Benchmarking 

 

Monte Carlo simulations were performed using floating object in vacuum geometry.  To 

benchmark the simulation work, models were developed for a silicon surface barrier (SSB) 

used as a thin film x/gamma-ray detector, exposed to Ba-133 and Co-57 x/gamma-rays, 

and the results were compared to measured spectra.  Simulated spectra for Ba-133 and 

Co-57 were broadened using MCNP Gaussian techniques to more closely approximate 

measured spectra.   

 

3.1 Benchmarking 

To benchmark simulations for AlSb detector behavior, modeling of a SSB detector 

response was compared with measurements.  Simulations were conducted using MCNP 

version 5 with photon data from the ENDF/B-VI.8 library [7].  Co-57 and Ba-133 were 

selected for experimental measurements for their low energy photons.  This is important 

for thin samples where low energy photons have reasonable interaction efficiency.  

Because the materials were grown by MBE methods, the AlSb layer thickness was limited 

to 5 microns.  To keep the dimensions as similar as possible, the thinnest (50 microns) 

SSB detector available in the lab was chosen for benchmark experiments. 

The SSB detector geometry was modeled with a gold contact layer 1 micron thick and the 

isotropic point source was placed 1.5 mm away, as the images generated by MCNP5 in 

figure 5 illustrate.  The medium between the source and the detector is air (0.755636% N, 

0.231475% O, and 0.012889% Ar, by weight) with a density of 0.0013 g/cm3, depicted in 

yellow.  In the image on the right side of figure 6 the silicon and gold layers can be seen.  

The vertical lines represent boundaries for geometry splitting variance reduction. 
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Figure 6.  SSB detector geometry as modeled with MCNP5 

 

To determine the number of photons needed for acceptable statistics, an F4 mesh tally was 

applied.  Figure 7 depicts the particle flux and relative error for 100,000 (two left images) 

and 10,000,000 photons (four right images) generated by MCNP5.  The mnemonic “nps” 

is the terminology used in the MCNP User’s Manual [6] to represent the number of 

histories to be tracked during a single execution.  The relative error color scale is also 

shown at the bottom right of figure 7, with purple representing 100% and orange 

representing 0% uncertainties.  The two left images in figure 7 show the side view of the 

SSB detector volume with boundaries corresponding to those shown in figure 6.  Shown 

are the photon flux (far left), most concentrated in red where the source is closest to the 

detector, and associated relative error (center left) where a statistical uncertainty of greater 

than 25% is observed over much of the region.  Similarly, the images on the top right of 

figure 7 represent a top view (analogous to figure 6) of the particle flux in the detector 

where the source is centered (center right) and associated relative error (far right) with most 

relative errors below 5%.  Side views and relative errors of this same detector are shown 

in the lower images, (center right and far right, respectively).  To reduce statistical 

variation to less than 5%, 10,000,000 photons were tracked for each simulation. 

 

1.5 mm Air 50 μm Si 

1 μm Au 

Source 
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Figure 7.  F4 mesh tally showing particle flux and associated relative error.  Particle fluxes are shown with highest 

and lowest intensity indicated by red and blue, respectively.  The relative error scale is shown (bottom left) ranging 

from 0 (0%) to 1 (100%). 

 

3.2 AlSb Simulation Model 

For reasons that will be discussed thoroughly in Chapter 4, the geometry for the AlSb 

structure is more complicated, making modeling of the AlSb detector slightly more 

challenging.  In addition to the 5 micron thick AlSb layer, the structure design includes 

0.1 microns GaSb to provide strain relief between mismatched AlSb and GaAs lattices, a 

300 micron thick GaAs substrate, another GaSb layer to prevent exposure of the AlSb to 

oxygen, and ohmic contact layers on each side.  The structure is shown in figure 8 (left), 

where layer thicknesses are not represented to scale. 

 

 

nps 100,000  nps 10,000,000 

Primarily greater 

than 25% 

relative error 

Primarily 

less than 

5% relative 

error 
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Figure 38.  AlSb detector setup, shown with R12-23d 

 

To reduce noise interference from ambient signals in the lab, the probe setup was placed 

inside a sealable metal chamber (i.e., an air filled vacuum chamber) as a Faraday cage, and 

the coaxial cable was fed through electrically isolated connectors.  Exposed connection 

sites were wrapped in aluminum foil. To minimize electronic noise, an examination of 

available pre-amps was performed using the SSB detector exposed to alphas from Am-241.  

Alpha particles are highly interacting and expected to deposit several MeV of energy in the 

thin AlSb layer.  The results are summarized in table 6.   

Table 6.  Peak to peak noise observed on oscilloscope from available pre-amps in lab, using SSB 27-473G (BA-15-25-

1500) and Am-241 source 

Pre-amp 

Name/ 

Model # 

Noise w/o 

source or 

voltage 

applied 

Noise with 

50 V, no 

source 

Baseline 

“jumps” 

with voltage 

adjustment 

Signal/Noise 

with Am-241 

source, w/o 

voltage 

Signal/Noise 

with Am-241 

source, with 

50 V 

109A Ortec 

(1x) 

5 mV 2 mV Yes 30mV / 5mV 37mV / 2mV 

109PC 

Ortec (1x) 

50 – 75 mV 1.5 mV Yes 30mV / 3mV 30mV / 

1.5mV 

142 Ortec 15 mV 

ringing, 5 

mV baseline 

15 mV 

ringing, 3 

mV baseline 

Yes 60mV / 5mV 60mV / 3mV 

142PC 

Ortec 

50 mV 30 mV Yes, but small 

in comparison 

to others 

450mV / 

50mV 

600mV / 

30mV 

142PC 

Ortec 

(newer) 

30 mV 25 mV Yes 500mV / 

30mV 

650 mV / 

25mV 
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