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Examining Thin Film AlSb for Room Temperature
Gamma Detectors

by

Erin lvey Vaughan

B. A., Astrophysics, University of New Mexico, 2006
M. S., Nuclear Engineering, University of New Mexico, 2013

Abstract

A thin film semiconductor device was grown by MBE methods, characterized for material
quality and evaluated for suitability as a room temperature gamma radiation detector. The
objective was to produce a device that was superior to current semiconductor detectors,
namely HPGe and CZT which have different limitations due to intrinsic material
characteristics. AISb was chosen because of its desirable properties which include the
high atomic number of antimony (Z = 51), relatively large band gap (Eg = 1.6 eV), and
theorized high dual carrier mobility. Simulations were performed using MCNP5 to
predict energy deposited in AlSb by low energy gammas from Ba-133 and Co-57. A
benchmark model was developed using a silicon surface barrier detector to validate AlSb
simulations. Prior to radiation experiments, a series of characterization methods were
employed to evaluate the material quality. Surface features were measured by Nomarski
imaging and AFM, revealing an orange peel texture and screw dislocations. The material
composition was examined using XRD and the AlSb layer was observed to be fairly narrow
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along the lattice axis indicating reduced strain on the lattice structure. Electrical
measurements were conducted which exposed low values for resistivity (p = 10 Q-cm)
and average carrier mobility (~ 100 cm?/Vs), and a high hole concentration (~ 10*° cm).
I-V curves indicated a leaky nature for the diode, and it is suspected that Zener breakdown

was occurring.

During radiation experiments, no signal was observable above noise levels. The high hole
concentration may have contributed to this result by eliminating the intended intrinsic
region between the electrodes. Further studies should be conducted with AISb to
investigate the effects of compensation doping and/or growth temperature on carrier

concentration and AISb purity.

www.manaraa.com



Table of Contents

LEST OF FIQUIES. ...ttt bbbt viii
LISE OF TADIES ... Xi
Chapter 1:  INTrOAUCTION .....ccveciiiiccece ettt re e 1
Chapter 2:  Background & TREOTY ........cccoiiiiiiiiiieieee e 3
2.1 DESIrable PrOPEITIES ......ocveiiieiieieieie sttt 3
2.1.1 ATOMIC NUMDEE, Z.....oiiiiiieiiieee s 3

P B = T 14T G T o SRS PSPRSS 6
2.1.3 Charge TTaNSPOIT .....cveiuiitiiteeieeieie ettt bbb b 9

2.2 Current Popular Semiconductor deteCtors...........oovvreieririiisesieee e 11
Chapter 3:  Simulations & Benchmarking ..........ccccccovveviiiciie e 13
TN = 1= Tl o =T o SR 13
3.2 AISh SIimulation MOdEel...........ccooiiiiii e 15
Chapter 4:  Sample ProducCtion ... 22
4.1 Growth DY HEterOePItaXY .....c.ccveiueeieiiciie ettt 22
4.2 GIOWEN STFUCKUIE ...ttt 24
Chapter 5:  CharaCterization ...........ccocveiii i 29
5.1 Surface: NOMArski, AFM .......c.veoiiiiiiiee ettt ean e e s ebaee e e 29
5.2 Material Composition: X-Ray Diffraction (XRD) .........ccccovvvriirinieinnininesisenins 33

Vi

www.manaraa.com



5.3 Electrical Measurements: Hall Effect, 1-V CUIVES.......ccoveeeeieeeeeeeeeeeeeeeeeeeee, 36

Chapter 7: Radiation Detection Evaluation ...............ccocceeiiiiiiieiievecce e 46
7.1 EXPErimental PrOCEAUIE ..........oouiiiiiieieeeie e 46
7.2 CUrrent SIgNal SNAPE.........coiiiiieieic e 48

CRAPTEr 72 RESUITS....c.eecii ettt et e b e aesneenns 52

Chapter 8:  FULUIE WOKK .......oceiiiicie ettt 53
8.1 Compensation Doping or Higher Purity AISD ... 53

Appendix: MCNPX INPUL FIIES ..o 54
Simulated Spectra DiStrDULIONS...........cccoiiiiiiiicir e 54
Co-57 source incident on 5 MICrons AISD ........ccooiiiiiiiiiie e 54
Co-57 source incident on 50 MICrONS ST SSB ........cceiiiiiiiiiiiieeeeee e 56
Ba-133 source incident on 5 Microns AlSD.........ccooiiiiii 57
Ba-133 source incident 0n 50 MICroNS Si SSB ........ccccoiiiiiiiiiieieeseeee s 59

REFEIENCES ... 61

vii

www.manaraa.com



List of Figures

1. Mass attenuation curves for AISb and Ge. [2] ... 5
2. Fermi-Dirac distribution with increasing temperature [43] .......cccoovevveieiieieenenn 7

3. Diagrams showing the (a) structure, (b) carrier distribution, (c) charge
distribution, (d) electric field, and (e) energy bands of a P-1-N diode under reverse
DIAS [A4] oo 9

4. Charge induction efficiency [3] ...ccccoeiiiieieeie e 10

5. Tc-99m 140 keV spectra obtained with CZT (shaded in yellow) and Nal (light
blue outline). Notice the low-energy tailing of the CZT. [1]..ccccoeiiiiiiiiinnnnne 11

6. SSB detector geometry as modeled with MCNP5S..........ccccooeiievinciieneee e 14

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%)
LTo T (00 TSP 15

8. AISb growth structure design (left) and MCNP5 simulation geometry (right) .... 16

9. Photon flux and associated relative error for MCNP5 simulation of AlSb detector,
where each set of images shows the top and side views of the detector.  The
right and left columns of images correspond to 100,000 and 10,000,000 simulated
particle histories, respectively. Particle fluxes (top row) are shown with highest
and lowest intensity indicated by red and blue, respectively. On the bottom are

the associated relative error results for each simulation. The relative error scale

is shown (bottom center) ranging from 0 (0%) t0 1 (100%0).......cccevvrvererererienne. 17
10. Simulated (left) and measured (right) Co-57 spectra for SSB detector ................ 18
viii

www.manaraa.com



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Simulated (left) and measured (right) Ba-133 spectra for SSB detector .............. 19

Simulated linear (top) and semi-log (bottom) spectra for AlSb (left) compared to
SSB (FIgNt) TOF CO-57....eiiiiieiieece et 20
Simulated linear (top) and semi-log (bottom) spectra for AISb (left) compared to
SSB (right) fOr Ba-133......cciiiieiiiiece et 20
SIMS profile of MBE grown AISD [4] ..ccvooieieee e 22
MBE growth chamber at CHTIM ..o 23
Lattice constants and bandgap energies for 111-V semiconductors at room
temperature. Dashed lines indicate an indirect gap. [5].....cccccovvivmviieiieiiieiiennnns 24
Critical layer thickness as a function of lattice mismatch [5]........cccooeviiiiiiennnn, 26
IFM dislocations allowing for strain relief between GaSb epi-layer and GaAs
SUDSTIALE ...t bbb 27
L11-37 QrOWLN SEIUCLUIE ...ecvveieieieee ettt 28
Diagram of thin film AISb diode structure, representative of samples R12-23 and
RILZ-50. .ttt ettt ettt b e b e reeenree s 28
Nomarski images of sample R12-50 at 10, 20, 50 and 100 times magnification . 31
Nomarski images of sample R12-23 at 10 and 50 times magnification ............... 31
Block diagram Of AFM .......coooiii e 32
SCrew diSIOCATION [5] ..vvvieeieieie e 32
Atomic Force Microscopy images for sample R12-50.........ccccoecvvvvvvericniieiieennnns 33
Bragg Scattering, NA=2dSIN0 ...........cooiiiiiiiiiiii s 34
XRD measurement of sample R12-50........ccccceiiiiiiiiiiiiic e 35

iX

www.manaraa.com


file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473966
file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473967
file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473967

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

XRD measurement of sample R12-23 .........cccooiiieiieiiiie e 36
A schematic of a rectangular van der Pauw configuration [36].........c..ccccccevvennnne 37
Hall measurement SChematic [36].........cccuvvririiiiieiesee e 38
Mobility as a function of impurity concentration for germanium (top), silicon
(center) and gallium arsenide (DOttom) [45] .....ccovevieieiie e 40
Resistivity as a function of impurity concentration for several semiconductor
MALETTAIS ... e ettt ne e 41
Measured I-V curves for cleaved pieces of sample R12-23 .........ccccooviiiiiininnn. 42
Measured I-V curves for cleaved pieces of sample R12-50. The sample was

divided, and then one half was annealed, before cleaving into smaller pieces..... 42

Typical 1V curve for a diode (left) compared to R12-23d (right).........cccccocvrvnene 43
Intended PIN electric field (top) and suspected electric field (bottom) in sample
R12-23d as deduced from extrapolation of the "turn-on" voltage from the I-V

(010 YOS PTP TR PPR PR PR 44
ExXperimental DIagram .........ccociiiiiiiisieee e s 46
AISDh detector setup, Shown With R12-23d .......cccccveiieiieiiiieseene e 47
Motion of charges in the depleted region of a semiconductor [29] ..........c........... 49

X

www.manaraa.com


file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473983
file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473983
file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473983
file:///C:/Users/erinv_000/Desktop/Erin%20School/Erin%20Thesis%2010-23-13.docx%23_Toc370473984

List of Tables

1. Number of electrons in the conduction band for HPGe cooled to liquid nitrogen
temperatures, CZT and AISb at room temperature, and the upper and lower limits

for desirable band gap for semiconductor radiation detectors............cc.ccoecverveennene. 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 ..........ccccceovriiiiincnnnnnns 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 SOUICE ........ccccerveerrerveesresierenrennens 47

Xi

www.manaraa.com



Chapter 1: Introduction

For gamma radiation, the most common detectors are sodium-iodide (Nal) 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. Nal 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 Nal), 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 AISb 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 AISb as a radiation detector. A discussion of the background and theory
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surrounding the development of AISb 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.  AlISb 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 (hv) and the electron
binding energy (E1), E=hv-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:

p0 = AZ"(hv)™° (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 AlISb (Zsh=51, Za=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 (hv) and simply scatters with

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

photon energy. [8]

_ hv

hv' =
hv 2)
1+ " (1 —cosB)
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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, ¢ =(E,/e)"?) goes approximately as N2, or €2, where ¢ 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(-E¢/ksT), where Ejq is the band gap energy, kg is
the Boltzmann constant, and T is absolute temperature. Increased E4 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) = (k) (3)
B

Conduction Conduction Conduction
Band Band Band
EEIEP g lectrons have
At absolute alﬂ:r.g;abwz ;-a Farmi High
, zaro, 0K laval Temperatura
Fermi |~ | = Ef_\’f:__. ____________ .
Level ! !
f(E) f(E) 1(E)
Valence Band | = Valence Band |—= Valence Band |-
[= o o
No electrons can be above the valence At high temperatures, some electrons
band at 0K, since none have enargy can reach the conduction band and
am'ﬂlﬂ ﬂ'IE FE“T.. Iml al'ld li‘IGI'E are ,can"'h.ute ta al,adrh: ﬂurram‘
no available energy states in the band
gap.

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

The number of available states, or the density of states (p) 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.

8v2mm3/?

h3 E = Egap (4)

p(E) =

8v2mm?3/? 1
N(E)AE = p(E)f(E)dE = — 5 ’E ~ Egar S 51 9

E
where Ep = gzap

()
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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]

where A =

Nep = f N(E)dE = AT3/?¢ Egap/2KT
E

gap

8VZ (mmk)3/?

h3

= 4.83 x 10%!

(6)
electrons
m3K3/2

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

energies and temperatures, shown in table 1.
nitrogen and room temperatures.
AISb than for CZT.

Values for HPGe are given for liquid

Notice that fewer thermal electrons are generated for

Table 1.  Number of electrons in the conduction band for HPGe cooled to liquid nitrogen temperatures, CZT and AlSbh
at room temperature, and the upper and lower limits for desirable band gap for semiconductor radiation detectors

Semiconductor Egp[eV] @ T [K] Number of Electrons in Conduction
Band [electrons/ m?]

HPGe 0.74 77 1.98

HPGe 0.74 300 1.53 x 10%°

Lower Limit 1.4 300 4.36 x 10*3

CZT 1.57 300 1.63 x 10%2

AlSb 1.6 300 9.11 x 101!

Upper Limit 2.2 300 8.31 x 10°

Figure 3 illustrates the effect of a reverse bias on a semiconductor with a P-1-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.
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Figure 3. Diagrams showing the (a) structure, (b) carrier distribution, (c) charge distribution, (d) electric field, and
(e) energy bands of a P-1-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 () and carrier lifetime (t) is of particular interest for

calculating the induction efficiency, 7.

100 = 021 o (- 2] + B mep (5] @

—
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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 (ut)e and (ut)n 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 nj is non-

uniform the spectral resolution of the detector will be compromised.

Ge 4
MeTe ~ 1 cm’IVv ]
Mty ~ 1 cm*V/J

w

s F 4
N a2 |

HeTe =5X10" cm™/V

[ 1T, = 5X10° cm?v
[ Planar
[~ 1000 vV

0 H: | 3 I 3 y y | y | ) =u
0 Distance (cm) 1

cathode anode

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 pt
properties for electrons and holes, allowing for consistent charge collection. The angled
line in figure 4 represents typical values for electron and hole pt 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

10
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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 Nal spectrum.

99mTc

Figure 5. Tc-99m 140 keV spectra obtained with CZT (shaded in yellow) and Nal (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, u, will be limited by electron-phonon scattering,
although defects in the material can cause [ to be considerably lower.

A higher carrier mobility (1) and longer lifetime (t) means improved charge detection. A

ut product greater than about 0.1 cm?/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
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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].

Material Ge (77K) Hgl, CdTe CdZnTe GaAs AlSb
Atomic number 32 80, 53 48, 52 48, 30, 52 31,33 13, 51
Band gap (eV) 0.74 213 1.50 1.57 1.43 1.6
Energy per e-h 2.97 4.2 4.4 4.6 4.2 ?
pair (eV)

Fano factor 0.08 0.19 0.11 0.09 0.14 ?
Le (cmzfvs) 40,000 100 1100 1000 8000 1100
i, (em?/Vs) 40,000 4 100 10 400 700
Te (S) 107 10° 10° 10 10 ?
h () 107 10° 10° 10° 107 ?

With the exception of liquid nitrogen cooled Ge and AISb, 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 AISb (pe = 1100 cm?/Vs and pn = 700
cm?/Vs), other researchers [22, 25] present much smaller measured values (e = 60 to 200
cm?/Vs and pn = 100 to 400 cm?/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 AISb 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-VI1.8 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 AISb 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/cm?, 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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1 um Au

-1

Source

1.5 mm Air 50 um Si

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.
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nps 100,000 nps 10,000,000

o Primarily
Primarily greater : less than

than 25% 5% relative

relative error :1 error
W05
0

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 AlISb Simulation Model

For reasons that will be discussed thoroughly in Chapter 4, the geometry for the AISb
structure is more complicated, making modeling of the AISb detector slightly more
challenging. In addition to the 5 micron thick AISb layer, the structure design includes
0.1 microns GaSb to provide strain relief between mismatched AISb 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.
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Structure Simulated Geometry

25 nm Ti, 25 nm PI, 50 nm NI

100 nm GaSb p+
AlSb Layer

100 nm GaShb

25 nm Ge, 54 nm Au, 5 nm Ni, 200 nm

Figure 8.  AISb growth structure design (left) and MCNP5 simulation geometry (right)

To simplify things very slightly the ohmic contact layers were modeled using Au
exclusively, neglecting the other elemental components but maintaining the overall layer
thickness. Geometry splitting was used as a variation reduction technique in the air region
between the source and the detector surface. The simulated geometry, generated by
MCNPS5, for AlISb is shown in figure 8 (right), where the scale is accurate. The dark blue
region in this case depicts air and yellow is the GaAs substrate. The image on the far right
shows the AISb layer (purple) and the other nearby layers.

Again, a mesh was used to confirm that the number of particle histories tracked is
statistically appropriate, illustrated in figure 9. The images show the photon flux (top)
and associated relative error (bottom) for side and top views of the AISb detector for
100,000 and 10,000,000 particle histories. The black rectangular line in each side view

represents the outermost detector structure boundary.
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Figure 9. Photon flux and associated relative error for MCNP5 simulation of AISb detector, where each set of images

shows the top and side views of the detector.  The right and left columns of images correspond to 100,000 and
10,000,000 simulated particle histories, respectively. Particle fluxes (top row) are shown with highest and lowest
intensity indicated by red and blue, respectively. On the bottom are the associated relative error results for each
simulation. The relative error scale is shown (bottom center) ranging from 0 (0%) to 1 (100%).

The SSB detector response was simulated using an F8 pulse height tally for modeling
spectra from Co-57 and Ba-133. An attempt was made to modify the spectra with the
Gaussian energy broadening function in MCNP5.  Because of the thin film nature of the
material being modeled, the thick-target bremsstrahlung approximation was removed from
the physics of the problem by setting IDES=1.  All of the MCNP5 input files are included
in the appendix at the end of this document.

The SSB simulations were compared with measurements for benchmarking. These are
compared graphically in figures 10 (Co-57) and 11 (Ba-133). The measurements were
performed with Co-57 and Ba-133 sealed sources and a 50 micron thick SSB detector in a
light tight metal box with an Ortec 142 preamp and Ortec 428 bias supply. Pulse height
data were digitized using an Ortec Easy-MCA module. The linear, semi-log and
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broadened plots on the left sides of figures 10 and 11 were produced using the MCNP
plotter. On the right side, spectra from actual measured counts are shown.
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Figure 10. Simulated (left) and measured (right) Co-57 spectra for SSB detector

The absence of measured data between channel numbers 0 and 45 was a deliberate low
energy cut off, performed to isolate peak features in the spectrum from low pulse height
electronic noise. Some features in the measured semi-log plots may correspond to

features in the simulated semi-log Gaussian broadened plots.
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Figure 11. Simulated (left) and measured (right) Ba-133 spectra for SSB detector

MCNPS5 requires three known FWHMs to calculate the values used by the Gaussian energy
broadening (GEB) function to modify the simulated spectra [6]. The measured spectra
from the SSB detector did not generate resolution sufficient to calibrate the MCA.
Therefore, a FWHM was not measured and could not assist in simulating peak broadening.

Instead, a series of reasonable guesses were made to produce the broadened spectra shown.

Figures 12 (Co-57) and 13 (Ba-133) portray the simulated spectra (without broadening) for
the AISb detector on the left, compared to the SSB detector on the right.
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Figure 12. Simulated linear (top) and semi-log (bottom) spectra for AISb (left) compared to SSB (right) for Co-57
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Figure 13. Simulated linear (top) and semi-log (bottom) spectra for AlSh (left) compared to SSB (right) for Ba-133
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For Co-57 the number of simulated counts in the highest energy peak, Ex.ray=6.4 keV, was
310 for AlISb and 54 for SSB, as seen in figure 12. In the case of Ba-133, shown in figure
13, the photon count was 310 and 34 for AISb and SSB, respectively, for the highest peak
associated with x-rays having energy equal to about 4.4 keV.  The semi-log simulated
plots for both radioisotopes reveal improved details and structure with AISb when
compared to SSB. Simulated AISb spectra include more counts overall, with about 10
times more photons being detected across the energy spectrum, and much higher efficiency
at higher energies for these thin films, even with a thinner AISb than SSB.  This apparent
improved detection efficiency can be attributed to the higher atomic number of AISb (Zsp
=51) compared to Si (Z = 14).

Geometry splitting is not a recommended method of variance reduction for F8 tallies [6].
Instead, the weight windows method is suggested for most accurate results, although use
of the weight windows generator is discouraged. Modifying the variance reduction

technique could be addressed in future work.

In spite of difficulties involving variance reduction and GEB functions, simulated spectra
were generated with features comparable to measured SSB spectra for both Co-57 and Ba-
133. Based on this observation, the simulated AISb spectra suggests that more photons
overall should be detected with thin film AlSb, and that known energy peaks should be
identifiable.

21

www.manaraa.com



Chapter 4: Sample Production

Traditionally, detector crystals are grown by bulk methods, which is very effective for
producing large, unreactive materials. Because gamma rays can have long interaction
lengths, bulk materials increase detection efficiency for higher energy photons.  While it
has been attempted, AISb production by bulk methods is quite difficult and results in high
defect crystals. This is due to the high reactivity of both Aluminum and antimony to air,

and the extremely volatile reactivity of molten AlSb with all types of crucibles [11].

4.1 Growth by Heteroepitaxy

Molecular beam epitaxy (MBE) is a material growth technique that utilizes one or several
molecular beams to deposit a series of single atomic layers, or monolayers, onto a heated
crystalline substrate.  Solid materials are kept in evaporation cells which may be opened
or closed depending on the atom or compound being deposited. The temperature of the

substrate is adjusted according to the desired surface structure.

grewtn intarruption (100sas)
with nona  with Sb flux SIMS
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Figure 14. SIMS profile of MBE grown AlSb [4]
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Previous AISb research was conducted using MBE methods nearly 20 years ago in 1994,
Secondary lon Mass Spectrometry (SIMS) results are illustrated in figure 14, which shows
high oxygen content in the AISb layer originating from oxygen incorporated during growth
from the Sb source material [4].

Recent improvements in antimony purity, minimizing exposure to air during chamber
loading, and more effective out-gassing techniques reduce deep level defects in AlSb
associated with oxygen. These developments allow for production of an AISb crystal that
is nearly defect free and potentially detector grade. Introducing sophisticated growth
techniques [13], collaborators at the Center for High Technology Materials (CHTM) at the

University of New Mexico were able to produce several AlSb crystals by MBE for use in

this research. The MBE growth chamber at CHTM is pictured in figure 15.

Figure 15. MBE growth chamber at CHTM
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4.2 Growth Structure

For the substrate material, GaAs is used exclusively in this study due to its relatively low
cost and ability to be removed by etching, if desired. This introduces, however, a large
lattice mismatch between the substrate and the AISb epi-layer. The strain related defect
density, which includes misfit and threading dislocations, grows quickly with increasing
lattice mismatch between epi-layers [5].

Energy gap (eV)

InSb

; f t f f i
5.4 5.6 5.8 6.0 6.2 6.4 6.6

Lattice constant a (A)

Figure 16. Lattice constants and bandgap energies for 111-V semiconductors at room temperature. Dashed lines

indicate an indirect gap. [5]

The diagram in figure 16 shows the distribution of lattice constants for many
semiconductor compounds while the compounds of interest for this study are circled.
From this diagram it is easy to recognize compounds that have similar lattice parameters

and might be more compatible as sequential epitaxial layers during MBE growth. The
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strain introduced by the lattice mismatch is simply:

as—0Ae

f= &%y ®)

QAe

where a, and a, are the lattice constants of the substrate and the epilayer, respectively.
Using the lattice values in table 3, below, and equation 8, the magnitude of the strain can
be calculated for each epitaxial layer. For AISb grown directly on the GaAs substrate, a

mismatch of 8.53% would introduce large strain leading to high threading dislocation
densities.

Table 3. Lattice constants for important AISb diode structure layer interfaces [5]

Compound Lattice Constant, a [A]
GaAs 5.6534
Gasb 6.0960
AlSb 6.1357

Using the Matthews and Blakeslee Force Balance Model, as is derived by Ayers [5], the
thickness of an epitaxial layer of a non-homogenous structure is limited due to strain caused
by mismatched lattice constants. Termed the Critical Layer Thickness, h. can be
calculated using equation 9 below.

b(1 —vcos?a)[ln (%) +1]
8r|f|(1 + v)cosA

(9)

he =
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For (001) zinc blende semiconductors, coso. = cosh=1/2, b=a /N2, and v~ 1/3. Ifa layer
thickness is less than the critical thickness, h < h_, the strain force will not overcome the
tension between atoms in the layer. However, if the critical thickness is exceeded, h >
h., lattice relaxation will occur and threading dislocations will become misfit dislocations

at the epilayer interface. [5]
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Figure 17. Critical layer thickness as a function of lattice mismatch [5].

The relationship between the critical layer thickness, as derived by Matthews and

Blakeslee, People and Bean, and van der Merwe, is shown in figure 17 above [5].

There are three stages that occur during the epitaxial growth process. The initial stage is
the pseudomorphic stage, which exists when the thickness is less than the critical thickness.
The strain at this point is 100%. When the growth exceeds the critical thickness

dislocations begin to occur in the material. This reduces the strain and the material is said
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to relax. To overcome this limiting factor, and ultimately to decrease threading
dislocations propagating all the way through the structure, an interfacial misfit (IFM)
dislocation layer is employed using GaSb. The following images [34] in figure 18
illustrate the formation of IFM dislocations, which would allow for strain relief between
the GaSb and GaAs layers, and provide a closer lattice matched surface for subsequent
AISb growth. Using equation 8, the mismatch between GaSb and AISb is only 0.65%.

' Interfacial
misfit

Figure 18. IFM dislocations allowing for strain relief between GaSb epi-layer and GaAs substrate

Ultimately, the thickness of the AISb epi-layer is limited by the thermal expansion
coefficient mismatch between AlISb and GaAs. For AISb growth a compressive strain
develops which increases with increasing layer thickness. Also, the growth rate for AISb
by MBE is only about 0.5 um/hr. It is for these reasons that the AISb layer is restricted

to 5 microns or less during this study.

Because AISb oxidizes so rapidly, a protective layer of GaSb was applied as the last
epitaxial step in the growth structure.

Before the diode structure was grown, a simplified sample (L11-37) was produced which
consisted of AlSb sandwiched between the oxygen protective layer and the substrate. A
smoothing layer of GaAs was grown on the substrate to make the surface atomically flat
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prior to AISb growth. This structure, illustrated in figure 19, was used to perform

electrical characterization measurements of the AISb nucleation layer.

Figure 19. L11-37 growth structure

To produce the diode structure, an n+ doped GaAs substrate was used and the final GaSb
layer was p+ doped. Also, metallic ratios were applied during processing to provide
ohmic contact layers, which allows for charge to flow easily in both directions on each
electrode. The resulting thin film AISb structure is illustrated in figure 20 below. Two

samples were produced with this structure, called R12-23 and R12-50.

25 nm Ti, 25 nm PI, 50 nm Au

25 nm Ge, 54 nm Au, 5 nm Ni, 200 nm Au

Figure 20. Diagram of thin film AISb diode structure, representative of samples R12-23 and R12-50
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Chapter 5: Characterization

While many methods are used to measure surface characteristics, crystal composition,
defects, and electrical qualities, only the techniques used in this research will be
summarized. This chapter will discuss characterization results from AISb grown in this
study. Table 4, below, outlines the samples used and associated production, described in
the previous chapter, and characterization details presented in the following tables and

figures.

Table 4. Structure and characterization details for samples used

Sample Name Structure Characterization Methods Used / Results
Diagram
L11-37 Fig. 19 Hall Effect / Table 5

Nomarski / Figure 21
R12-23 Fig. 20 XRD / Figure 28
I-V Curves / Figure 33

Nomarski / Figure 22
AFM / Figure 25
XRD / Figure 27

I-V Curves / Figure 34

R12-50 Fig. 20

5.1 Surface: Nomarski, AFM

All surface measurements were performed using diode structures R12-23 and R12-50 prior
to the application of ohmic contact layers.

Nomarski imaging provides nondestructive topographical information on a microscopic

scale by taking advantage of the interference contrast of two images of the same surface
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area. Height differences are measured using the gradient of the refractive index and an
image is produced that accentuates edges and boundaries on the surface [5]. Different
levels of magnification can be used to examine surface characteristics over a wide range of
dimensions. The following images in figures 21 and 22 depict features observed at
different levels of magnification for R12-50 and R12-23, respectively.

10x

20x

50x
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100x
Figure 21. Nomarski images of sample R12-50 at 10, 20, 50 and 100 times magnification

10x 50x

Figure 22.  Nomarski images of sample R12-23 at 10 and 50 times magnification

The circular pits on each optical image are crystal surface defects, more concentrated near
the edge, which are expected when growth is non-homogeneous. However, these pits
may contribute to electrical shorting through the material when a bias is applied. The
“orange peel” texture, normal during antimony growth on arsenides, is representative of a
roughened surface appearance due to wrinkle-like defects. A comparison between the
two samples for 10x and 50x magnification reveals a higher defect density on the surface

for R12-50, which suggests that it is more likely to have electrical shunting issues.

Atomic force microscopy (AFM) also provides surface data. The digital images are

produced by measuring the small, but constant, force of a diamond tip as it scans across
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the material surface being examined [5]. For increased understanding, a diagram of the
AFM instrument is provided in figure 23.

Detector and
Feedback

Electronics

Photodiode

Laser

Sample Surface Cantilever & Tip
.PZT Scanner

Figure 23. Block diagram of AFM

Screw dislocations are a result of shear strain between lattice-mismatched layers. To
relieve stress, the atomic layers begin to shift by one atom in a spiral staircase fashion, as
is illustrated in figure 24 below [5]. The spiral features on the AFM images in figure 25
indicate the existence of screw dislocations, which is common (but not desirable) for
heteroepitaxial growth structures, especially those involving antimonides and arsenides.

The AFM images confirm that the AISb growth is typical and there are no issues.

Figure 24. Screw dislocation [5]
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Figure 25. Atomic Force Microscopy images for sample R12-50

5.2 Material Composition: X-Ray Diffraction (XRD)

Material composition measurements were also performed using the diode structures R12-

23 and R12-50 prior to the final processing step of applying ohmic contacts.

Bragg scattering is used to evaluate the regularity of the crystal lattice. With a perfect
lattice, the scattering maxima follow the Bragg scattering equation, nA = 2dsinf. An x-
ray beam of wavelength A is scattered off of the surface of a crystal at an angle 6 and the

reflected beam is measured. The distance between atomic layers in the crystal (lattice
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constant) is d, and n is an integer. Bragg’s law describes the difference in path length for
scattering of x-rays with atoms of different crystal lattices, shown in the diagram in figure
26.

Incident X-Ray Scattered X-

Beam, A Ray
Beam
Crystal
Atomic —9
Layers
dsinf)
—e & @ ® *—

Figure 26. Bragg Scattering, n)=2dsint

For imperfect crystals, the distance between lattice points, the lattice constant, will vary,
resulting in broadened reflection maxima. The XRD characterization plot is presented in
figure 27 for R12-50, where a sharp peak at 32.5° is observed on the right which represents
the GaAs substrate with a lattice constant of 5.65 A.  The farthest left peak near 29.5° is
associated with the AISb layer with a lattice constant of 6.13 A, while the broadest peak
around 30° represents the 100 nm GaSb capping, with a lattice constant of 6.09 A. The
layering is shown in Fig. 20. The relative low intensity of the GaSh peak indicates that
there is less material represented, which is expected since it is the thinnest layer of the
structure. The AISb shows a sharp scattering peak indicative of good crystal structure.
The relative sharpness of the AlSb peak compared to the GaSh peak suggests that the GaSh
layers contain more strain related defects than the AlISb layer. While the AISb peak is not
as narrow as that of the GaAs substrate, it does appear to have a fairly regular lattice,

indicating good epitaxial growth with very little residual strain.
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Figure 27. XRD measurement of sample R12-50

The measurement for R12-23 is shown in figure 28, where the horizontal axis has been
converted to arc seconds. The layering is the same as for sample R12-50 (see Fig. 20).
The AISb and GaSb scattering peaks for sample R12-23 are wider than seen for the R12-
50 sample. XRD analysis of the two diode samples suggests that R12-23 has more

residual strain in the AISb layer and more tensile strain in the GaSb capping layer when
compared to R12-50.
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Figure 28. XRD measurement of sample R12-23

5.3 Electrical Measurements: Hall Effect, 1-V Curves

Hall-coefficient measurements are used to obtain the concentration and mobility of charge
carriers [35]. This research employed the use of the van der Pauw technique for
measuring the voltages. Small ohmic contacts (indium) were annealed to each corner of
the top (non-substrate) surface of a 1 cm? sample and it was placed in a magnetic field, B,
normal to the surface. As shown in figure 29, the resistances, Ra and Rs, between
neighboring contacts can be calculated from the ratios of measured voltage, V, to applied

test current, 1.
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Figure 29. A schematic of a rectangular van der Pauw configuration [36]

The sheet resistance, Rs, is related to Ra and Rg through the van der Pauw equation, below,
where n=ns/d is the bulk density of charge carriers (ns is the sheet density and d is the
conducting layer thickness).  After numerically solving for Rs, the bulk electrical

resistivity can be calculated using p=Rsd. [36]
o &) 4 (R g (10)

Resistivity, p, is a material property that is highly temperature dependent, and in
semiconductors is strongly affected by the presence of impurities. It can also be
expressed as the inverse of the electrical conductivity, o, of a given material, or p = 1/c.
A higher resistivity will reduce leakage current and allow for a depletion region under

reverse bias, making it critical for a semiconductor detector.

To find the sheet carrier density, ns, the Hall voltage, Vu, is measured across opposing
contacts, as shown in figure 30. The sign of V1 is determined by the majority carrier type,

where it is positive for holes and negative for electrons.
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Figure 30. Hall measurement schematic [36]

The mobility can be determined from the previously discussed Hall measurements using

equation 11, where q (1.602x107° C) is the elementary charge.

el 1
RgIB  qngRg

p (11)

A test current, I, was applied through one set of opposing contacts while V4 is measured
across the remaining pair of contacts. Then the process was repeated with opposite
applied test current and measured voltage diagonals, so there are two measurements for
each test current run.  Similar results for the two measurements indicate good sample test

preparation.

The Hall effect measurement results are outlined in table 5, which is an analysis of sample
L11-37 taken at room temperature.  The majority carrier was revealed to be holes (V+ was
positive), revealing the extreme p-type nature of the AISb grown in this study. Because
the average carrier concentration values are so high, it is suspected that Sb interstitials exist
in the lattice, resulting in much higher hole concentrations than anticipated and the AISh
layer in the intended P-1-N diode not behaving like an insulator. This may contribute to

tunneling effects, or Zener breakdown, when even a low reverse bias is applied.
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Table 5. Hall effect measurements for sample L11-37, taken at room temperature

Test Current Average Carrier Average Carrier Resistivity [Q-cm]

[nA] Concentration [cm?] Mobility [cm?/Vs]

100 5.65E+18 141.9 8.452E-03
5.81E+18 134.86 8.636E-03

200 1.83E+19 64.59 7.975E-03
5.04E+19 15.56 6.622E-03

500 9.42E+18 82.72 8.106E-03
1.31E+19 75.03 6.716E-03

500 7.37E+18 107.37 7.940E-03
5.75E+18 139.84 6.296E-03

750 1.07E+19 78.23 8.003E-03
1.06E+19 84.51 7.131E-03

Lower than expected values for mobility and resistivity were also observed. As was
presented in table 2, the hole mobility is theorized to be as high as 700 cm?/Vs, while
measurements revealed about 100 cm?/Vs. For germanium, silicon and CZT detectors,
materials have been produced with resistivity as high as 47 Q-cm [29], 10° Q-cm [29], and
10'° Q-cm [38, 39] at room temperature, respectively. A lower resistivity leads to a higher
leakage current and a higher operating noise level, making smaller signals harder to
discern. We were pushing for a resistivity of at least 10° Q-cm, to compete with thin film
silicon surface barrier detectors [40, 41] at room temperature, which we are far from with

the current growth, having an average measured resistivity of 8x10° Q-cm.

Both mobility and resistivity properties change as a function of majority carrier
concentration, as is evidenced by the plots in figures 31 and 32 [45]. Our carrier
concentration was 10° per cm on average, corresponding to a mobility of a little more than
100 cm?/Vs according to the bottom curve in the top plot in figure 31, which is
representative of p-type germanium. The mobilities for silicon (center) and GaAs
(bottom) are even lower at this concentration. ~Similarly in figure 32, 10'° holes/cm?®
corresponds to a resistivity of about 2x10 Q-cm for p-type germanium and 8x1073 Q for
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p-type GaAs. So the Hall measurements appear to be representative of extremely p-type
AlSb.

o, lT =300 Kﬂ
— Ge TN
10° oy

10%

Mobility (cm?/V -s)

GaAs ~
103 2 +
e S ""p
.lll\
102 |
1014 1015 1016 10]7 1018 1019

Impurity concentration (cm ™)

Figure 31. Mobility as a function of impurity concentration for germanium (top), silicon (center) and gallium
arsenide (bottom) [45]
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Figure 32. Resistivity as a function of impurity concentration for several semiconductor materials [45]

I-V curves provide information about the performance expectation, the leakage current in
particular, for semiconductor devices. In an effort to reduce the concentration of
electrical losses due to dislocations produced during growth, the sample was cleaved into
smaller pieces. These are labeled a through d in the plot in figure 33. Measurements
were performed for R12-50 (annealed and non-annealed) cleaved pieces as well, also
shown below in figure 34. Overall, the I-V curves for R12-23 look less leaky than the
curves for R12-50. This may be associated with a larger defect density (observed in the

Nomarski images) for R12-50, which is known to contribute to electrical shunting issues.
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I-V Curve R12-23
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Figure 33.  Measured I-V curves for cleaved pieces of sample R12-23
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Figure 34. Measured I-V curves for cleaved pieces of sample R12-50. The sample was divided, and then one half
was annealed, before cleaving into smaller pieces.
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Although all samples were used, R12-23d had an I-V curve most resembling that of a diode

with decreased leakage compared to the other samples. Figure 35 illustrates a typical I-

V curve shape for a diode (left), where the Zener breakdown and avalanche breakdown

curves are indicated in the reverse bias region, compared to the curve for R12-23d (right).

R12-23d I-V Curve
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Figure 35. Typical IV curve for a diode (left) compared to R12-23d (right)

The maximum voltage sustainable without current breakdown is the full depletion voltage,
Vrp, Which is the minimal operation value for depletion through the volume of the active
region. The equations for voltage and electric field, E(x), at full depletion are given below
in equations 12 and 13, respectively, for planar diode geometry, where D is the depletion
depth, T is the detector thickness, p is the charge distribution (p=-eNa), and ¢ is the

dielectric constant. The maximum electric field, Emax, occurs when T=D and x=0.

Applying this condition and inserting equation 12 into equation 13 for V, we get equation

14 for Emax. [8]

pT? (12)
FD — X
V. p(D 13
Fe) =55+ 5(5 ) &
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2Vrp (14)

According to the measured curve for R12-23d, a reverse bias of less than about 1.5 V
should be used to reduce the leakage and prevent potential damage to the material.  This
is a low voltage, but for a depletion depth of about 5 microns, this is an electric field of
about 6000 V/cm, using equation 14. For comparison, HPGe detectors are operated near
2000 V/cm for a reverse bias voltage of 1000 V and a 1 cm depletion depth.  Thin film
(~300 um) silicon detectors with an effective full depletion voltage of 40 V have an
Emax=3000 V/cm.

Extrapolating the forward bias curve down to O current in figure 35 gives a "turn on"
voltage of about 0.5 V. Following the rough formula of Vium on = Egap - 0.7 €V, this is
indicative of diode behavior more likely occurring between the GaSb and GaAs, where
Vwm on IS expected to be about 0.4 V (for an average Egap 0Of about 1.1 eV). For depletion
through the AISb we expect a Viumon closerto 0.9 V.  Therefore, the depletion region may
be restricted to the GaSb.

GaSh GaSh
AlSb GaAs Substrate ___5
=)
2| P I N
L
L
10__0 nm 100 nm
\
“>e— 5um 300 pm - 5 R
v

Figure 36. Intended PIN electric field (top) and suspected electric field (bottom) in sample R12-23d as deduced from
extrapolation of the "turn-on" voltage from the I-V curve
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The high leakage current on the reverse bias side of the curve in figure 35 may be due to
Zener breakdown, where the depletion region may be too narrow and the electrons/holes
tunnel easily across the junction. Diagrams of the induced electric field under reverse
bias for the intended PIN junction (top) and suspected PN junction (bottom) structures are

shown in figure 36.

The expectation was that the AlSb would behave like an insulator between the GaSb p+
doped cap region and the GaAs n+ doped substrate region, with a GaSb strain relief layer
between the AISb and GaAs substrate. Due to the inherent p+ nature of the grown AlSb
layer, the depletion region may be set up between the unintentionally p+ type AlSb and
intentionally n+ type GaAs, partially depleting the GaSb strain relief layer. This
suspicion is reinforced by a calculation of the depletion width for a P-N junction with
doping densities on the order of 10*° cm™ at room temperature, following equations 15 and

16 for intentional doping.

2¢ 1 1
— - == -4 15
W =x,+x, \/qVO<NA+ND) (15)
kT N,yNp
Vo=—1 16
0 q n< niz ) ( )

For GaAs without any bias, V0=1.0781 V and W=0.0203 um (~20 nm). With an applied
voltage of -2 V the depletion width is increased to 0.031 um (~30 nm), which is still very
much restricted within the GaSb layer, as the P-N structure in figure 36 illustrates. In
contrast, for reasonable carrier densities on the order of 10 cm=, the depletion width is
1.6824 pm and 2.8833 pum with and without a -2 V bias, respectively, which would deplete
(at least partially) through the AISb layer.

This can be corrected so the depletion region extends between the cap layer and the
substrate, across most of the AlSb, by a higher purity AlSb or intentionally n+ doping the

AISb to compensate.
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Chapter 7: Radiation Detection Evaluation

7.1 Experimental Procedure

To experimentally evaluate the response to radiation, the structure was exposed to sealed
sources while a reverse bias was applied. The sources used include Ba-133 and Co-57
for gamma/x-rays, and Am-241 for alphas. Measurements were conducted using a
variety of pre-amps, several means of supplying power, and an oscilloscope. A schematic

of the experimental setup is illustrated in figure 37.

Pre-amp
-1.5V Bias
p* Supply
| AlSb Detector |
n+

gnd

Oscilloscope

Figure 37. Experimental Diagram

The diode structure was placed on a copper plate with the substrate face touching the
surface, allowing the thinner ohmic contact layer to be exposed to the incident radiation.
A negative bias voltage was applied to the p+ side of the diode via the probe tip attached
to the center wire of coaxial cable, while the n+ side was grounded to the sheath wire. The
coaxial cable was then fed from the pre-amp to an oscilloscope where a pulse should be
observed. The radionuclide sources were adjustably placed above the p+ surface of the

diode, as seen in figure 38.
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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 AISb 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 Noise w/o Noise with | Baseline Signal/Noise | Signal/Noise
Name/ source or 50V, no “jumps” with Am-241 | with Am-241
Model # voltage source with voltage | source, w/o source, with
applied adjustment voltage 50V
109A Ortec | 5mV 2mvV Yes 30mVv/5mV | 37TmV /2mV
(1x)
109PC 50-75mV | 1.5mV Yes 30mv/3mV | 30mV/
Ortec (1x) 1.5mV
142 Ortec 15 mV 15 mV Yes 60mV/5mV | 60mV /3mV
ringing, 5 ringing, 3
mV baseline | mV baseline
142PC 50 mV 30 mV Yes, but small | 450mV / 600mV /
Ortec in comparison | 50mV 30mv
to others
142PC 30 mV 25 mV Yes 500mV / 650 mVv /
Ortec 30mV 25mvV
(newer)
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An additional pre-amp, RIS, was also used to measure the signal through a SSB from Am-
241. Ringing was observed with the RIS pre-amp and the signal to noise ratio was 65
mV/5mV using SSB 9-722 and 18 V supplied by two 9 V batteries. A baseline “jump”
was also observed when the voltage was adjusted. Based on the evaluation, the two 142

Ortec preamplifiers had the best signal to noise ratios.

Using the 142 Ortec preamp (listed third in table 6) and R12-23d, without connecting the
bias wire to the structure, the baseline noise was about 3 mV peak to peak. When the
reverse bias was connected the baseline became jumpy and the noise increased to 5-7 mV
peak to peak. This is the opposite effect experienced with the SSB (where the noise was
reduced after introducing the reverse bias). The outcome was not changed by the
application of a forward bias (rather than a negative bias). Next, the Am-241 source was
introduced, but no changes were observed. The other sources, pre-amps, and AlSb pieces
were also tested without noticeable differences between the presence and absence of a

radionuclide source.

7.2 Current Signal Shape

To predict the signal current pulse shape, which we’re trying to read out above the noise,
the total depletion depth transit time and signal amplitude was calculated using the
following procedure. The diagram in figure 39 illustrates the motion of electrons and
holes in the depleted region of a semiconductor under reverse bias. The following
derivation is summarized from Bertolini’s chapter, Pulse Shape and Time Resolution, in

Semiconductor Detectors [29].
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-V P+ Layer

— N+ Layer

Figure 39. Motion of charges in the depleted region of a semiconductor [29]

First, the electric field in the depletion region is said to be constant and equal to the applied

bias, V, divided by the compensated thickness, X.
vV
Eriela = — = constant (17)

The induced charge, Q, derived from Ramo’s theorem, is then calculated for electrons and

holes, where Xo is the distance from the cathode where the electron-hole pair is generated.

Qn(t) = e@ t forelectrons (18)

Qp(t) = e%t for holes (19)

Solving for the collection times, t, and using the mobilities for electrons and holes we get

the next equations. [29]
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X_
=ﬂ and t, = ad

t, =
.unEField b .up EField

(20)

For the longest hole transit distance xo=X=5 microns (or electron distance x0=0), and
assuming a symmetric mobility of 100 cm?/Vs, the maximum transit time, tc, is 1.67 ns.

This is also known as the output signal rise time.

The Shockley-Ramo theorem states that the instantaneous current induced on a given
electrode equals the product of the charge of the particle, its velocity and the component of

the electric field in the direction of the velocity vector.
i=qx)e(Eo) (21)

Using the maximum electric field calculated in the previous chapter (Emax=6000 V/cm),
the carrier velocity v=p/X=2x10° cm/Vs (for a depletion region 5 microns wide and p=100

cm?/Vs), and estimating absorbed and excitation energies of 5 keV and 5 eV, respectively,

( absorbed energy

— )e = 1000 electrons (22)
excitation energy

i =(1000e7)(2x 10% cm/Vs)(6000V/cm) = 1.2 X 102 e~ /s
(23)
1Amp = 6.25 x 108 e~ /s

i =192%x 10774 = 0.2 uA.
To predict the measurable current pulse height, the impedance of the cable going into the
oscilloscope is needed. Assuming a minimum resistance (for maximum pulse height) of
50Q,V=1IR=9.6x10°V =10 pV=0.01 mV. This predicted signal is less than 1% of

the minimum noise measured and so it is unlikely that we can detect signals with the current

samples. For alpha particles, simulations show about 1 MeV of energy deposited in the
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AISb. This translates to a signal of approximately the size of the noise for the quietest
preamplifier, making it difficult to discern from noise. A depletion region in the AlISb

and reduced noise from leakage current is needed.
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Chapter 7: Results

Surface characterization measurements indicated that there were screw dislocations and an
orange peel like texture. XRD analysis suggests that the AISb layer has good lattice
structure.  The Hall measurements revealed values lower than expected for both
resistivity and charge carrier mobility, likely due to unintentional p+ doping of the AlSb
during growth, making it unlikely to detect a signal above the leakage current fluctuations.
I-V curve results had Zener breakdown characteristics, showing a large leakage current for
most of the processed samples. Predicted signal current pulses, based on energy
deposition and collection timing, were obscured by observed background levels due to
leakage current. Thus, we have not been able to observe clear indications of pulses due

to radiation.

These experiments have shown the difficulty of pure and defect free AlSb growth. We
have not yet reached the theoretical promise. Many critical material properties measured
by other researchers have also been significantly poorer than theorized expectations. It is
worth mentioning that the success experienced with HPGe and CZT detectors is a direct
result of many years of laboratory research to improve the growth and purification of these
materials. Consequently, AlSb should not be ruled out as a material candidate for use as
a radiation detector. The following chapter will address future studies that should be
performed to further evaluate AISh.
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Chapter 8: Future Work

To fully determine whether AISb is a suitable material for radiation detectors, every
parameter must be examined and optimized. Ultimately, more pure and defect free
growth is required to increase resistivity, thus allowing for a depletion region in the
semiconductor and drastically reducing leakage current.  Successful spectroscopy is
based on good signal to noise ratios, and the predicted signal is understood to be on the

order of below noise levels of the leakage current in the samples examined.

8.1 Compensation Doping or Higher Purity AlSh

The AlSb produced to date has had unintentional p+ doping. As explained in chapter 6,
this reduces the depletion region to a small sliver in the GaSb strain reduction layer. To
make the depletion region occur between the GaSb capping layer and the GaAs substrate,
the AISb may be made more pure or may be compensated with n+ doping to correct for the
unintentional p+ doping. Another method of influencing the hole concentration is

adjusting the substrate temperature during MBE growth.

Reducing the hole concentration or improvements in material purity could be useful for
increasing resistivity properties. An iterative study on the effect of compensation doping
or growth temperature changes using Hall measurements should be conducted to optimize
the charge transport properties of the AISb layer. Such procedures were not performed

due to limitations on the scope, budget and time constraints of this project.
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Appendix: MCNPX Input Files

Simulated Spectra Distributions

Ba-122 Decay Energy Distribution:
SIT L 0.00429 0.030625 0.030973 0.08 0.302851 0.356
SP1 D 0.163  0.351 0.643 0.341 0.1833  0.6205

Co-57 Decay Energy Distribution:
SIT L 0.006409 0.006391 0.0144129 0.12206065 0.13647356
SP1 D 0.329 0.166 0.0916 0.856 0.1068

Co-57 source incident on 5 microns AlSbh

AlSb semiconductor detector
¢ cell cards

20 200 -0.0013 -7 8 1 $ " "
21 200 -0.0013 -7 -8 9 $Variance Reduction
22 200 -0.0013 -7 -9 10 $ " "
23 200 -0.0013 -7 -10 11 $ "
24 200 -0.0013 -7 -11 $ " !
30 500 -19.3 -1 -2 $Gold

40 400 -5.61 -1 -32 $GaSb

50 100 -4.26 -1 -43 $A1Sb

60 400 -5.61 -1 -54 $GaSb

70 300 -5.32 -1 -65 $GaAs

80 500 -19.3 -16 $Gold

90 200 -0.0013 1 -7 $AiT

100 0 7 $void

¢ surface cards

1 rpp -11 -11 0 0.305584

2 pz 0.000100

3 pz 0.000200
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4 pz 0.005200

5 pz 0.005300

6 pz 0.305300

7T rpp -1.1 1.1 -1.11.1 -0.15 0.31
8 pz -0.03

9 pz -0.06

10 pz -0.09

11 pz -0.12

¢ data cards

nps 10000000

mp:p 1 1.23m 0.98m 1Im
1

mmp:e 1 1 1

mode p e

phys:p 100 1 0 0 0 O

ml00  13027.04p -0.5 $A1Sb
51000.04p -0.5

m200 7000.04p -0.755636 $Air
8000.04p -0.231475
18000.04p -0.012889

m300  31000.04p -0.5 $GaAs
33074.04p -0.5
m400  31000.04p -0.5 $GaSb
51000.04p -0.5
m500  79197.04p -1.0 $Gold
c - - - Materials - - - - - = - - - - - - - - - - - - - -
ml00  14000.04p -1.0 $Si
m200  79000.04p -1.0 $Au

m300 7000.04p -0.755636 $AIT
8000.04p -0.231475
18000.04p -0.012889
c - - - Source - - - - - - Co-57 - = = = = = = = = - - - -
sdef pos=0 0 -0.14 par=2 erg=dl
SI1T L 0.006409 0.006391 0.0144129 0.12206065 0.13647356

SP1 D 0.329 0.166 0.0916 0.856 0.1068
c - - -Tallies - - = = = = = = = = =« = - - - - - - - -
f8:p 30

fmesh4*:p geom=xyz origin=-0.6 -0.6 -0.15
imesh=0.6 11nts=100
jmesh=0.6 jints=100
kmesh=0.006 kints=50
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factor=5el8
FT8 GEB 0 0.02 0O
e® 0 le-5 10001log 0.4

Co-57 source incident on 50 microns Si SSB

Si detector with gold barrier layer
¢ cell cards

15 300 -0.0013 -3 -4 $ Var reduction cell

16 300 -0.0013 354 $ - “
17 300 -0.0013 365 $ - “
18 300 -0.0013 3-76 $ - “
19 300 -0.0013 3017 $ - “
20 200 -19.3 -1 -2 $ Gold

30 100 -2.33 102 $ Si

40 0 3 $ Void

¢ Surface cards

lrcc 000 00 0.0051 0.5

2 pz 0.0001

3rmp -0.60.6 -0.60.6 -0.150.006

4 pz -0.12

5pz -0.09

6 pz -0.06

7Tpz -0.03

¢ data cards
nps 10000000
imp:p 1 2.06m 1.05m 1.05m 0.595m 2.04m 1.15m 0

mmp:e 1 1 1 1 1 1 10

mode p e

phys:p 1001 0000

c - - - Materials - - - - - - = - - - - - - - - - - - - -
ml00  14000.04p -1.0 $Si

m200  79000.04p -1.0 $Au

m300 7000.04p -0.755636 $AIT

8000.04p -0.231475
18000.04p -0.012889
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c - - - Source - - - - - - - Co-57 = - = = = = = - - - - -
sdef pos=0 0 -0.14 par=2 erg=dl
SIT L 0.006409 0.006391 0.0144129 0.12206065 0.13647356

SP1 D 0.329 0.166 0.0916 0.856 0.1068
c - - -Tallies - - = = = = = = = = = = = - - - - - - - -
f8:p 30

fmesh4*:p geom=xyz origin=-0.6 -0.6 -0.15
1mesh=0.6 11nts=100
jmesh=0.6 jints=100
kmesh=0.006 kints=50
factor=5el8
FT8 GEB 0 0.02 0
e8 0 le-5 10001log 0.4

Ba-133 source incident on 5 microns AlSbh

AlSb semiconductor detector
c cell cards

20 200 -0.0013 -7 8 1 $ "
21 200 -0.0013 -7 -8 9 $Variance Reduction
22 200 -0.0013 -7 -9 10 $ "
23 200 -0.0013 -7 -10 11 $ " "
24 200 -0.0013 -7 -11 $ "
30 500 -19.3 -1 -2 $Gold

40 400 -5.61 -1 -32 $GaSb

50 100 -4.26 -1 -43 $A1Sb

60 400 -5.61 -1 -54 $GaSb

70 300 -5.32 -1 -65 $GaAs

80 500 -19.3 -16 $Gold

90 200 -0.0013 1 -7 $AIT

100 0 7 $void

¢ surface cards

1 rpp -1.01.0 -1.0 1.0 0.0 0.305584
2 pz 0.000100

3 pz 0.000200

4 pz 0.005200

5 pz 0.005300
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6 pz 0.305300

7 rpp -1.1 1.1 -1.1 1.1 -0.150.31
8 pz -0.03

9 pz -0.06

10 pz -0.09

11 pz -0.12

c data cards
nps 10000000

mp:p 11.22m0.98m Im1 11111110

imp:e 1 1 1 1111111110

mode p e

phys:p 100 1 0 0 0 O

ml00  13027.04p -0.5 $A1Sb
51000.04p -0.5

m200 7000.04p -0.755636 $Air
8000.04p -0.231475
18000.04p -0.012889

m300  31000.04p -0.5 $GaAs
33074.04p -0.5
m400  31000.04p -0.5 $GaSb
51000.04p -0.5
m500  79197.04p -1.0 $Gold
c - - - Materials - - - - - = - - - - - - - - - - - - - -
ml00  14000.04p -1.0 $Si
m200  79000.04p -1.0 $Au
m300 7000.04p -0.755636 $AIT

8000.04p -0.231475
18000.04p -0.012889
c - - - Source - - - - - - - - Ba-133- - - - - - - - - - -
sdef pos=0 0 -0.14 par=2 erg=dl
SIT L 0.00429 0.030625 0.030973 0.08 0.302851 0.356
SP1 D 0.163 0.351 0.643 0.341 0.1833  0.6205
c - - -Tallies - - = = = = = = = = = = = o - - - - - - -
f8:p 30
fmesh4*:p geom=xyz origin=-0.6 -0.6 -0.15
imesh=0.6 11nts=100
jmesh=0.6 jints=100
kmesh=0.006 kints=50
factor=5el8
FT8 GEB 0 0.02 0
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e® 0 le-5 10001log 0.4

Ba-133 source incident on 50 microns Si SSB

Si detector with gold barrier layer
c cell cards

15 300 -0.0013 -3 -4 $ Var reduction cell

16 300 -0.0013 354 $ - “
17 300 -0.0013 365 $ - ¢
18 300 -0.0013 3-76 $ - ¢
19 300 -0.0013 3017 $ - “
20 200 -19.3 -1 -2 $ Gold

30 100 -2.33 102 $ Si

40 0 3 $ Void

¢ Surface cards

lrecc 000 000.0051 0.5

2 pz  0.0001

3mpp -0.60.6 -0.60.6 -0.150.006

4 pz  -0.12

5pz -0.09

6 pz -0.06

7pz  -0.03

¢ data cards
nps 10000000
imp:p 1 2.06m 1.05m 1.05m 0.595m 2.04m 1.15m 0

mp:e 1 1 1 1 1 1 10

mode p e

phys:p 1001 000 0

c - - - Materials - - - - - - - - - - - - - - - - - - - -
ml00  14000.04p -1.0 $Si

m200  79000.04p -1.0 $Au

m300 7000.04p -0.755636 $AiT

8000.04p -0.231475

18000.04p -0.012889
c - - - Source - - - - - Ba-133 - - - - = - - - - - - - -
sdef pos=0 0 -0.14 par=2 erg=dl
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SIT L 0.00429 0.030625 0.030973 0.08 0.302851 0.356
SP1 D 0.163 0.351 0.643 0.341 0.1833  0.6205
c - - - Tallies - - = = = = = = = = = = - - - - - - - - -
f8:p 30
fmesh4*:p geom=xyz origin=-0.6 -0.6 -0.15
imesh=0.6 11nts=100
jmesh=0.6 jints=100
kmesh=0.006 kints=50
factor=5el8
FT8 GEB 0 0.02 0
e8 0 le-5 1000ilog 0.4
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