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Abstract

Theoretical predictions for AlSb material properties have not been realized using bulk
growth methods. This research was motivated by advances in molecular beam epitaxial
(MBE) growth technology to produce high-quality thin-film AISb for the purpose of
evaluating transport properties and suitability for radiation detection. Simulations using
MCNP5 were performed to benchmark an existing silicon surface barrier detector and to
predict ideal AISb detector behavior, with the finding that AISb should have improved
detection efficiency due to the larger atomic number of Sb compared with Si. GaSb diodes
were fabricated by both homoepitaxial MBE and ion implantation methods in order to
determine the effect on the radiation detection performance. It was found that the radiation

\Y
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response for the MBE grown GaShb diodes was very uniform, whereas the ion-implanted
GaSb diodes exhibited highly variable spectral behavior. Two sets of AISb heterostructures
were fabricated by MBE methods; one for a Hall doping study and the other for a radiation
response study. The samples were characterized for material quality using transmission
electron microscopy (TEM), Nomarski imaging, atomic force microscopy (AFM), x-ray
diffraction (XRD), I-V curve analysis, and Hall effect measurements. The Hall study
samples were grown on semi-insulating (SI) GaAs substrates and contained a thin GaAs
layer on top to protect the AISb from oxygen. Doping for the AISb layer was achieved
using GaTe and Be for n- and p-type conductivity, respectively, with intended doping
densities ranging from 10° to 10" cm™. Results for net carrier concentration ranged 2x10°
to 1x10% cm, 60 to 3000 cm?/V/s for mobility, and 2 to 10° Q-cm for resistivity, with the
undoped AlSb samples presenting the best values. The radiation detector samples were
designed to be PIN diodes, with undoped AlSb sandwiched between n-type GaAs substrate
and p-type GaSb as a conductive oxygen-protective layer. Energy spectra were measured
from 24:Am, 22Cf, and 2*°Pu sealed sources, with good peak resolution and signal to noise
response. Both GaSb PN diodes and AISb PIN diodes exhibited larger pulses for smaller
surface area samples, in good agreement with voltage-capacitance relationships for
junctions. Microwave photoconductive decay (MW-PCD) measurements were performed
on the Hall samples to determine the effect of doping on the minority carrier lifetime.
Contrary to expectations, more heavily doped samples presented with longer decay times,
some as large as hundreds of microseconds. There also appeared to be multiple exponential

decay curves, potentially associated with different decay mechanisms. Collectively, the

Vi
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studies presented here reinforce the predicted nature of AISb with respect to radiation

detection.
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Chapter 1

Motivation & Background

1.1 Motivation for Research

1.1.1 Introduction

For gamma radiation, the most popularly used 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.
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.
This is a well-known disadvantage that results in poor spectral performance [2], and
reduced photopeak efficiency [1]. This also limits the detector size to maintain reasonable
resolution, as an event near the cathode will have different charge collection properties
than an event near the anode [2]. This effect will be revisited in detail in the following

subsection.

Advancements in modern technology involving semiconductor production
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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
subsection. Of the many compounds recently explored by various researchers, aluminum
antimonide (AISDb) has several promising properties for radiation detection, some of which
suggest that it may be operable at room temperature while maintaining good resolution.
There are, however, several properties that remain unknown. Until recently, bulk growth
methods had primarily been used to produce AlISb and, due to difficulties with the material
reacting with air and crucibles, high levels of defects were observed. In spite of the
encouraging theorized and measured characteristics [2, 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.

1.1.2 Desirable Properties for Radiation Detection

When energetic photons interact with the semiconductor detector, 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
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amplitude should be proportional to the energy deposited by the gamma radiation. [4]

The intrinsic or engineered crystal properties involving the generation and transit
of electrons and holes are of considerable interest. For optimal device performance with
respect to detection of high-energy photons, a few parameters require careful consideration.
These include the atomic numbers of the constituents, the band gap of the material, the
mobility of both electrons and holes, the electron-hole recombination time and trapping

time of the carriers, and the noise contribution from electrical contacts. [5]

1.1.2.1 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 mass energy), and remains highly improbable until photon energies reach
several MeV [6]. This work is more confined to the sub-MeV region where photoelectric

and Compton effects are relevant.

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 and may

3
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be several orders of magnitude larger than the Compton scattering cross section. 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:

50 = AZ"(hv)™* (1)

where A is constant, 4<n<5 and 1<s<3.5 [7].

The mass attenuation plot in Figure 1 illustrates how the cross section for the
photoelectric effect (PE) decreases with increasing incident photon energy for AISh
(Zsv=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 [8].

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. [6]

hv

hv 2)
> (1 —cosBO)

hv' =
1+

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
5

www.manaraa.com



without requiring excessive detector thickness. [5, 7, 9]

1.1.2.2 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 N*2, or /2, where € represents
the energy required to form an electron-hole pair. The proportional uncertainty, oe/E goes
as (VYN)/N = 1/AN and so a smaller band gap, and thus a larger N, for the energy deposited

improves resolution.

The probability of thermal ionization is also larger for a smaller band gap; 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 Eq is the band gap energy, ks 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 optimal. The lower limit

6
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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. [10]

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.

fE) =

E —Er 3)
1+ exp ( KT )
Conduction Conduction Conduction
Band Band Band
EQE'F‘ At ahsolute Some electrons have High
anargy abova the Farmi
Farmi zero, OK N |g_.l,_gl_nl _____ TET_F'_E_"&TUFB
Level :
H(E) HE) HE)
Valence Band |—= Valence Band |—= Valence Band |-
o [ ] [ ]

Mo electrons can be above the valence
band at OK, since none have energy
above the Fermi level and there are

At high temperatures, some electrons

can reach the conduction band and
contribute to electric current.

no available energy states in the band

gap.

Figure 2. Fermi-Dirac distribution with increasing temperature [11].

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
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occupation of those states gives the number of electrons per volume with energy between

E and dE.

3/2
p(E) = 8\/?% /E — Egap (4)

8v2mm?3/? 1
N(EYAE = p(E)f (E)IE = ——— [E ~ Egap ~grryr 7 IE

E
where Ep = gzap

Q)

As equation (6) shows, the electron population in the conduction band, N¢, can be

calculated by integrating this product from the top of the band gap to infinity. [12]

Nep = j N(E)dE = AT3/?e Egap/2kT
Egap
(6)

8V2(mmk)3/* 1483 x 1021 electrons

where A = 3 K32

The number of thermally generated electrons was 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.
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Table 1. Numbers 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.

Semiconductor Temperature UL 61 !Electrons 1
: Egap [eV] Conduction Band
Material [K] 3
[electrons/ m®]
HPGe 0.74 77 1.98

HPGe 0.67 300 1.53x10'°
Lower Limit 1.4 300 4.36 x10%
CZT 1.57 300 1.63x10"?
AlSb 1.61 300 9.11x10%
Upper Limit 2.2 300 8.31x10°

Figure 3 illustrates the effect of a reverse bias on a semiconductor with a P-1-N

junction [13]. The “P” region represents an extrinsic p-type semiconductor material with

intentionally added acceptors, or holes, whereas the “N” region contains excess donors, or

electrons. Placed between the p+ and nt+ 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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electron hole charge
density  density density field
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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-I-N diode under reverse bias
[13].

1.1.2.3 Dual Carrier 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. As Knoll [6] describes in detail, the output pulse begins to
form the moment the particle deposits its energy in the detector. At that point, the charge
carriers begin to travel towards their respective electrodes and the motion of the carriers is

what causes the signal to form, a process known as charge induction.

To understand the pulse shape seen on the oscilloscope induced by the motion of

the charge carriers, a simple parallel plate capacitor can be used to model the planar diode

10
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detector. When a constant voltage potential (Vo) is applied across the parallel plate spacing
(d), an electric field (¢) is formed. And, if a radiation event causes a number of electron-

hole pairs (n,) to be generated at a position between the plates, at a distance x from the

positively charged plate, an electric potential (¢) is established. The energy required to

move a positive charge () through an electric potential difference (dp) is dE = -q,dp. £(X)

and ¢(x) are related differentially by e(X)= -do(x)/dx, and the absorbed energy as a function

of position is

dE

Vo
—_— = = _— 7
dx CIOE(x) CIO d " ( )

The stored energy of the parallel plate capacitor, proportional to the capacitance (C) by E
= (CVod)/2, is used to move the carriers from their formation position towards their
respective electrodes. The velocities of the carriers (v for holes and ve for electrons) and
the travel time (t) determine how much of the stored energy is absorbed by the carriers

during transit. Energy is conserved in this process, as described by the following equation

of equilibrium:
1 1
ECVO = nOeEvht+nOeEvet+§CVch (8)

where the last term represents the remaining stored energy in the capacitor. The signal
voltage Vr = Vo - Ven is usually small compared to Vo, so the following approximations can

be made:

11
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Vo + Vop = 2V,

Rearranging terms in equation (8) and substituting in the approximations, equation (9)
represents the rising portion of the signal pulse, and applies only during the period of time

when both electrons and holes are in motion.

nge
Vg = ac (vp + vt 9)

A negative (or positive) change in the voltage potential difference occurs when the hole (or
electron) drifts a distance x = vnt (or x = vet), and is equivalent to a decrease (or increase)

in capacitance by an amount n,evit/d (or njevet/d). When the holes (or electrons) reach the

cathode (or anode) after a time th = x/ve (or te = (d-X)/vn), equation (9) becomes

ngye

Vg = ac (vpt +x) for electrons,and
_ Ty _ L
Vg = IC [(d—x)+x] = c for holes (10)

To reiterate, the process of inducing charge does not require that the charge carriers reach
their respective electrodes, only that they are in motion. However, the maximum pulse
amplitude occurs when the all of the charge carriers are collected at the appropriate

electrodes. At this point, the maximum signal voltage is simply

12
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Vg = — (11)
In terms of the energy absorbed by the carriers as they move from x, to X,

X X
_ _ _ q0%o
AE = | dE =qyV, | dx = (x — x9) (12)
d
X0 X0

AE _@(x—xo)

AV = — =
VRCVOCd

(13)
The induced charge is then

AQ = CAVy = qo(x_d—x") (14)

The Shockley-Ramo theorem is used to describe the instantaneous current induced

on a given electrode (i), and can be written as
i =qb- Eo (15)

where q is the carrier charge, # is the carrier velocity, and E is the weighting field. When
the last charge carrier reaches the electrode the pulse has fully formed, and information
regarding the nature of the incident radiation particle can be deduced. The timing behavior

of the detector is governed by the intrinsic transport properties of the detector material.

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
13
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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. [2]

The product of charge mobility («x) and carrier lifetime (z) is of particular interest

for calculating the induction efficiency, (7).

e .

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 (uz)e and (uz)n are
mobility-lifetime products for electrons and holes, respectively. Called Hecht’s Relation
[6], it describes the behavior of charge transport, as a function of the distance (x) from the
cathode surface at which the radiation interacted and separated the charges. If the CIE is

non-uniform the spectral resolution of the detector will be compromised.

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
ut 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 a material
with non-symmetric properties, such as CZT. CZT has low hole mobility and poor hole
lifetime properties, compared to electron properties, which causes lower CIE for radiation
interactions near the anode, following Hecht’s relation [14]. This can be interpreted as

holes moving slowly towards the cathode and the induced pulse thus being broad and being

14
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lost to shorter amplifier shaping times, a ballistic defect. On top of that, defects and crystal

impurities can trap charges on their path.

Ge
HeTe ~ 1 cm’IV._
HeTh ~ 1 cm?/V-

w

S F i
[ MeTe = 5X10° em?/V 7
" T, = 5X107 em®V 7
i Planar 1
- 1000 V .|

0 KB | i i | 1 i | i |
0 Distance (cm) 1

cathode anode

Figure 4. Charge induction efficiency as a function of radiation interaction position for

two materials [2].

The result is a low energy tail in spectra, meaning poorer photo-peak efficiency

within the 12-14% energy window around the 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.

15
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99mTc

Figure 5. Tc-99m 140 keV spectra obtained with CZT (shaded in yellow) and Nal (light
blue outline) [1], where the vertical axis represents the number of particles detected and
the horizontal axis indicates the energy deposited in the detector by the radiation particle.
Notice the low-energy tail of the CZT.

High-resolution detection 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, pu, will be limited by electron-phonon scattering,

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

A higher carrier mobility (n) and longer lifetime (tr) means improved charge
detection. A pt product greater than about 0.1 cm?/V is preferred for optimal detector
resolution [10], although a pt product greater than 10 cm?/V would be competitive with

CZT.
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1.1.3 Difficulties with Bulk Growth AISb

With the exception of liquid nitrogen cooled Ge and AlSb, all of the compounds
summarized in Table 2 have highly non-symmetric values for electron and hole mobilities,
which suggests inferior spectral performance. While Yee et al. calculate relatively large
theoretical mobilities for AlSb at room temperature (ue = 1100 cm2/Vs and ph = 700
cm2/Vs), other researchers observed much smaller measured values (see Table 3). Yee et
al. also propose that the theoretical free-carrier recombination time should be on the order
of 10-3 s for high quality AISb with a net impurity concentration of about 1012-1014 cm-
3. Based on the theorized properties for low-impurity defect-free AlSb, it has potential for

improved performance compared to other compound semiconductor materials.

Table 2, published by Luke and Amman in 2006 [2], outlines several emerging or
recently improved compound semiconductor materials that have been evaluated for
desirable radiation detection properties. Cooled germanium is also included for
comparison. Based on these values, it is 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).

With the exception of liquid nitrogen cooled Ge and AlSb, all of the compounds
summarized in Table 2 have highly non-symmetric values for electron and hole mobilities,
which suggests inferior spectral performance. While Yee et al. [5] calculate relatively large
theoretical mobilities for AISb at room temperature (pe = 1100 cm?/Vs and pn = 700

cm?/Vs), other researchers observed much smaller measured values (see Table 3). Yee et
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al. [5] also propose that the theoretical free-carrier recombination time should be on the
order of 107 s for high quality AISb with a net impurity concentration of about 10!2-10
cm3. Based on the theorized properties for low-impurity defect-free AISb, it has potential

for improved performance compared to other compound semiconductor materials.

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

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 (cm?/Vs) 40,000 100 1100 1000 8000 1100
1, (cm?Vs) 40,000 4 100 10 400 700
Te (S) 107 10° 10° 10 10 ?
h () 107 10° 10° 10° 107 ?

Another noticeable feature of Table 2 is the missing information for AlSb. The
difficulty involved in working with bulk AISb has prevented reliable characterization
measurements from taking place. Experiments performed by other research groups have
resulted in inconsistent values being reported for important transport properties (Table 3).
These include carrier recombination lifetime, mobility, resistivity, and carrier
concentration. Most of the characterization reports seen in literature are representative of

AISb materials grown by bulk methods. This is a problem because AISb oxidizes very
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rapidly in air and Al and molten AISb are extremely volatile, reacting with all types of
crucible materials [16]. This leads to large concentrations of defects and impurities
introduced during growth, which in turn results in poor transport and device quality.
Although many bulk growth methods have been used to produce AlSb, the two most
common techniques are Bridgman and Czochralski. Both methods rely on the melting of
bulk elements in a crucible and using a seed crystal to “pull” the compound crystalline
material. The exposure to air and contaminants from the crucibles further degrades the

already temperamental AlISb.

The ranges of values reported for bulk AISb mobility, carrier concentration, and
resistivity can be seen in Table 3. Many of the samples represented in this table have one

parameter that is optimized and another with a poor result.

The reason these properties seem to vary so much is that they are very sensitive to
growth conditions, processing, and defects. 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. And, as Yee et al. point out, even poor quality
AISb has better hole transport behavior than CZT [5]. One property that seems to be
consistently reported is the p-type conductivity of undoped AISb [17, 18, 19], although

theory [15, 20] predicts n-type nature for pure AlISb.
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Table 3. Inconsistent reports of AISb properties in literature.

Carrier

Mobility . Resistivity
Reference Growth Method Concentration
[cm2/Vs) - [Q-cm]
[cm™]
[10] Bulk - Czochralski 450 1.4x10% 1.5x10*
[20] Bulk — Czochralski 10 108 10°
Modified Czochralski | 400-500 >10% 10-100
Te-doped, Mod_lfled 150-300 <1012 105
Czochralski
[16] Bulk — HP Bridgman 380-520 2.7x10% - 2.4x10%7 8x10*
[21] Bulk — Czochralski, 320 9x10L5 10
undoped
Se-doped Czochralski 1.3 5x10% 960
Te-doped Czochralski 630 6x10%° 0.2
[19] Bulk- Czochralski 115 1.4x10% 1.27
_ 1.7(p) 1.4x10% 2.56x10*
Se-doped Czochralski
3.2(n) 2.4x10% 8.23x10°
Te-doped Czochralski 350(n) 4.6x10Y7 0.04
In-doped Czochralski 190- 1.8-2.4x10% 0.14-0.15
220(p) 8-2. .14-0.
Mn-doped Czochralski 50(p) 2.7x10%6 5.02
Yb-doped Czochralski | 120(p) 1.2x10%° 4.42
Pr-doped Czochralski 120(p) 5.1x10'® 1.03
20
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1.1.4 Thin Film AISb

As epitaxial AISb layers are often utilized for their well-behaved semi-insulating

properties as buffer regions [22], AISb transport properties are rarely measured. However,

several doping studies have been performed previously and the resulting effect on charge

transport was reported by several research groups. The pertinent details are outlined in

Table 4.

Table 4. Epitaxial AISb transport properties from literature.

Reference | Growth Dopant Mobility Carrier Resistivity
I\(/I\?;g?)d [cm2/V/s] Concentration [Q-cm]
[em™]
MBE i i 17 i
[23] (1988) Te (n) 45 - 65 6 - 9x10
MBE 15 _ 1019 .
[24] (2000) Be (p) 61— 327 10~ -10
Si 187 - 293 51070
CvD 200
[25] (2005) unknown (electrons) - -
400 (holes)
MBE undoped 14
[26] (1982) ) 200 10 120
Ge (p) 50 10%° -
MBE ) 15 _ 1018 -
[27] (1999) Be (p) 172 - 327 10" - 10
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1.2 High Quality AISb Grown by MBE Methods

Epitaxial growth of AISb material has improved considerably in the last 30 years
with advancements in vacuum technology, although some exposure to contaminants from
source materials still occurs. Additionally, epitaxial growth allows for precise control of
layer thicknesses and added dopant concentrations. While epitaxial methods are routinely
used to grow AISb, transport properties are not often measured or reported, as it is often

utilized for buffer regions [22] rather than active regions within growth structures.

Molecular beam epitaxy (MBE) is a material growth technique that utilizes one or
several molecular beams to deposit a series of single atomic layers, 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.

Previous AISb research was conducted using MBE methods nearly 20 years ago in
1994. Secondary lon Mass Spectrometry (SIMS) results are illustrated in Figure 6, which
shows high oxygen content in the AISb layer originating from oxygen incorporated during

growth from the Sb source material [28].

Recent improvements in antimony purity, minimizing exposure to air during
chamber loading, and more effective out-gassing techniques reduce deep level defects in
AISb 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 [29], collaborators at the Center for High Technology Materials (CHTM) at the
22
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University of New Mexico were able to produce several AISb crystals by MBE for use in

this research.

- growth intarneption (100saa)
] with nong  with Sb flux SIMS

.
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Figure 6. SIMS profile of MBE grown AlSb [28].

For the substrate material, GaAs is used exclusively in this study due to its relatively
low cost (compared to GaSb) and highly-resistive, semi-insulating nature. This introduces,
however, a large lattice mismatch (~8%) between the substrate and the AlSb epi-layer. The
strain related defect density, which includes misfit and threading dislocations, grows

quickly with increasing lattice mismatch between epi-layers [27, 30].

The diagram in Figure 7 shows the distribution of lattice constants for many
semiconductor compounds while the compounds of interest for this research are circled.
From this diagram it is easy to recognize compounds that have similar lattice parameters
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and might be more compatible as sequential epitaxial layers during MBE growth.

ZnS
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o
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Figure 7. Lattice constants and bandgap energies for Il1-V semiconductors at room

temperature [30]. Dashed lines indicate an indirect gap.

The strain introduced by the lattice mismatch is simply:

f==0

17)

where a, and a, are the lattice constants of the substrate and the epilayer, respectively.

Using the lattice values in Table 5 and equation (17), the magnitude of the strain can be
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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 5. Lattice constants for important AlSb diode structure layer interfaces [30].

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
[30], 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 (18) below.

b(1 —vcos?a)[In (%) + 1] (18)
81|f|(1+ v)cosA

h. =

For (001) zinc blende semiconductors, cosa = cosh =1/2, b=a /N2, and v = 1/3. If
a 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 [30]. The relationship between the critical layer thickness, as
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derived by Matthews and Blakeslee, People and Bean, and van der Merwe, is shown in

Figure 8 [30].

10D v,"
Z\ \
[ \ Matthews and Blakeslee!
\ == = People and Bean®
= = yan der Merwe?
*
100 1 "\
E
10
Dy . Ly
0.01 0.1 1 10

Figure 8. Critical layer thickness as a function of lattice mismatch [30].

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
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
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is employed using GaSh. Using equation (17), the mismatch between GaSb and AISb is
only 0.65%. The following images [31] in Figure 9 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 AlSb growth.

Figure 9. IFM dislocations [31].

1.3 Dissertation Outline

This dissertation is organized into five chapters, beginning with a review of the
background and motivation for research. The proceeding chapter will describe the MNCP
simulation models and benchmarking work performed using a silicon surface barrier
detector. All input files are provided in Appendix A. Chapter 3 outlines the comprehensive
proof-of-concept studies conducted using GaSh PN diodes and AlSb PIN diodes. Here, the
reader will find device structure details, material quality characterization results, and

radiation detector performance results. Optimization studies to investigate the influence of
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doping on transport properties are covered in Chapter 4. Resistivity, carrier mobility, and
recombination lifetime properties are thoroughly discussed and results of the studies are
presented. Finally, a discussion of the research is provided in Chapter 5, where the results

are summarized, conclusions are drawn, and avenues for additional research and future

work are suggested.
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Chapter 2

Simulations & Benchmarking

2.1 Introduction

To become convinced of the suggested superior performance of AISb as a detector
material, simulations and measurements were performed to benchmark an existing detector
and compare the detection response with an idealized AISb model. Next, AISb structures
were grown and characterized for material quality. This chapter is devoted to these steps.

Chapter 6 will cover the radiation response of MBE grown diodes.

2.2 Radiation Detection 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 and *’Co x/gamma
rays, and the results were compared to measured spectra. Simulated spectra for *3*Ba and
Co were broadened using MCNP Gaussian techniques to more closely approximate

measured spectra.
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2.2.1 Si Benchmarking Model

To benchmark simulations for AlSb detector behavior, modeling of SSB detector
response was compared with measurements. Simulations were conducted using MCNP
version 5 with photon data from the ENDF/B-V1.8 libraries [32]. *’Co and **Ba 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 AlISb 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
MCNPS5 in Figure 10 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/cmd, depicted in yellow. In the image on the right side of Figure 10 the silicon and gold
layers can be seen. The vertical lines represent boundaries for geometry splitting variance

reduction.
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Figure 10. SSB detector geometry as modeled with MCNP5.

To determine the number of photons needed for acceptable statistics, an F4 mesh
tally was applied. Figure 11 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 [33] 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 11, with purple representing 100% and orange representing
0% uncertainties. The two left images in Figure 11 show the side view of the SSB detector
volume with boundaries corresponding to those shown in Figure 10. 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 11

represent a top view (analogous to Figure 10) of the particle flux in the detector where the
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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.

nps 100,000 nps 10,000,000

o . Primarily
Primarily greater o5
) L5 less than
than 25% relative 1
08 5% relative
error 0

error

Figure 11. 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%).
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2.2.2 AlSb Simulation Model

For reasons that will be discussed thoroughly in Chapter 4, the geometry for the
AISDb structure is more complicated, making modeling of the AlISb detector slightly more
challenging. In addition to the 5 micron thick AISb layer, the structure design includes 0.1
microns of GaSb to provide strain relief between mismatched AlISb and GaAs lattices, a
300 micron thick GaAs substrate, another GaSb layer to prevent exposure of the AlISb to
oxygen, and ohmic contact layers on each side. The structure is shown in Figure 12 (left),

where layer thicknesses are not represented to scale.

Structure Design Simulated Geometry

25 nm Ti, 25 nm PI, 50 nm Au~\

100 nm GaSh

_ AlSb Layer
N

100 nm GaSb

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

Figure 12. 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
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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 12 (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 13. 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.

nps 100

Py

,000 nps 10,000,000

1
‘5]
.25

.15

W1

05

0

Figure 13. Photon flux and associated relative error for MCNP5 simulation of an AISb

detector, where each set of images shows the top and side views of the detector. The right
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and left columns of images correspond to 100,000 and 10,000,000 simulated particle
histories (nps), 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%).

2.2.3 Simulated Radiation Response

The SSB detector response was simulated using an F8 pulse height tally for
modeling spectra from %’Co and **Ba. 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 MCNPS5 input files are included

in Appendix A at the end of this document.

The SSB simulations were compared with measurements for benchmarking. These
are compared graphically in Figure 14 (°’Co) and Figure 15 (***Ba). The measurements
were performed with >’Co and **Ba 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 broadened
plots on the left sides of Figure 14 and Figure 15 were produced using the MCNP plotter.

On the right side, spectra from actual measured counts are shown.
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Figure 14. Simulated (left) and measured (right) >’Co spectra for SSB detector. The vertical
axes for the simulated spectra represent the number of particles and the horizontal axes
indicate the energy deposited in the detector in MeV. The features in the semi-log measured

plot may correspond with features seen in the broadened simulated spectrum.

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 15. Simulated (left) and measured (right) *Ba spectra for SSB detector. The
vertical axes for the simulated spectra represent the number of particles and the horizontal
axes indicate the energy deposited in the detector in MeV. The features in the semi-log

measured plot may correspond with features seen in the broadened simulated spectrum.

MCNPS5 requires three known FWHMSs to calculate the values used by the Gaussian
energy broadening (GEB) function to modify the simulated spectra [33]. 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, an iterative series of reasonable guesses was made to produce the broadened
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spectra shown.

Figure 16 (°’Co) and Figure 17 (***Ba) 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 16. Simulated linear (top) and semi-log (bottom) spectra for AISb (left) compared

to SSB (right) for °’Co. Horizontal axes represent particle energy in MeV and vertical axes

indicate the number of particles.

For %'Co the number of simulated counts in the highest energy peak, Ex.ray=6.4 keV,

was 310 for AlISh and 54 for SSB, as seen in Figure 16. In the case of **Ba, shown in

Figure 17, the photon count was 310 and 34 for AlSb and SSB, respectively, for the highest
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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 AlSb 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 AlISb (Zsy

= 51) compared to Si (Z = 14).

Ba-133
Simulated AISb Simulated SSB
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Figure 17. Simulated linear (top) and semi-log (bottom) spectra for AISb (left) compared
to SSB (right) for **Ba. Horizontal axes represent particle energy in MeV and vertical

axes indicate the number of particles.
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Geometry splitting is not a recommended method of variance reduction for F8
tallies [33]. 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
and 1*Ba. Based on this observation, the simulated AlSh spectra suggest that more photons
overall should be detected with thin film AlSb, and that known energy peaks should be

identifiable.
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Chapter 3

Proof of Concept: MBE Diode Radiation

Detectors

3.1 GaSb PN Diode Detectors

Although this research was focused on MBE grown AISb radiation detectors,
simple GaSb P-N junctions were examined for their detector performance. GaSbh does not
oxidize and high-quality n-GaSb substrates are readily available, allowing for a homo-
epitaxial structure without lattice-mismatch induced strain. In their studies on epitaxial Sb
structures, Bennett and Shanabrook [27] report no evidence of spiral growth (indicative of
strain) on such structures, although they did observe concentric ring shaped mounding,
which they attribute to imperfections on the substrate surface. GaSb is theoretically easier
to grow than AlSb, so this diode work was seen as a preliminary test before moving forward

with AISb diode work.

This study on GaSb was published in the Journal of Electronic Materials [34].
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3.1.1 Sample Fabrication

GaSb PN junctions were fabricated by two methods: by solid-source molecular
beam epitaxy (MBE) on n-GaSb substrates, and by Be ion implantation into n-GaSb

substrates.

For the epitaxial structure (Figure 18), a 500 nm thick p-type GaSb layer was grown
directly on an n-type GaSb substrate, producing a sharp boundary between p-type and n-
type regions. Beryllium was used as the p-type dopant with a dopant-atom concentration

of 5x10'8 cm?,

500 nm epitaxial p-GaSb

n-GaSb substrate

Figure 18. Epitaxial GaSb detector structure.

For the implanted diode structure (Figure 19), two sequential Be implantation
processes on the same n-GaSb substrate were designed using SRIM software [35]. The
first, thinner region was designed as the contact layer and contains higher p-doping (1x10*°
cm). The simulated Be ion fluence and energy were 1x10** cm and 10 keV, respectively.

The second region, which was designed to perform as an emitter, is thicker than the first
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implantation layer and has slightly lower doping to provide a sufficient carrier
concentration. To satisfy this requirement, the implanted ions in the second section had to
penetrate deeper into the substrate. Considering these parameters, the simulated areal
dopant density for the desired doping was calculated to be 5.7x10'® cm with a Be ion
energy of 60 keV. Following these calculations, the expected p-doping at the PN junction
was 1x10% ¢cm= at a depth of 200 nm, assuming 50% activation [36], and with a more

gradual interface between p- and n-type regions than in the epitaxial samples.

200 nm implanted p-GaSb

n-GaSb substrate

Figure 19. Implanted GaSb detector structure.

3.1.2 Radiation Response

Prior to radiation measurements, electrically isolated devices of different surface
areas were produced during processing for both types of structures. This involved the
application of low resistance ohmic metallization [37] to the top and bottom surfaces of the
diode structures that the radiation readily penetrates. Samples fabricated by both methods
produced devices with similar doping profiles. The devices varied in surface area from

500x500 um? to 2x2 mm?. Figure 20 indicates the epitaxial devices 1-10 and implanted
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devices 1-4, all with contact patterns of the same surface area, 2x2 mm?. Smaller area
epitaxial device contacts are not numbered but are located to the right of the numbered
devices on the image. The microprobe tips for measuring signals are shown also for

reference.

Figure 20. GaSb diodes shown with microprobe tips for reference. The set of epitaxial
devices are numbered 1-10 on the top sample, whereas the bottom sample has implanted

devices 1-4 numbered.

o AJLb

44

www.manharaa.com




To test radiation response, each GaSb diode device was placed with the n-type
metalized substrate in contact with a copper plate. A probe tip was placed on the p-type
metalized GaSb surface to read out signal and to apply a bias from an Ortec 428 HV power
supply, though zero applied bias was used in the analysis presented. The probe station was
placed inside a RF shielding enclosure to reduce noise. The signal was fed into an Ortec
142 charge-sensitive preamplifier, which was then amplified by an Ortec 570 shaping
amplifier. The amplified pulses were digitized by an Ortec EasyMCA multichannel
analyzer, which linearly converts electronic pulse heights to channels to produce histogram
spectra. The pulse heights depend on the energy deposited in the active region of the device
and the particular response of each device. The charged particle radiation sources used
were 22Am and 2°2Cf, with activities of 1.9 kBq and 40.4 kBq, respectively, though the
Am source was partially blocked by the source geometry, reducing the effective activity.
During measurements, the sources were placed 8 mm above the p-GaShb surface to provide
alpha-particle and fission-fragment irradiation at known energies, and to minimize angular
divergence from the small point sources. This charged particle radiation has a high linear
energy transfer and a short stopping distance in the material, though calculations showed
that only a fraction of the energy was deposited in the thin active detection region, and that
this fraction is much smaller for alpha particles than for fission fragments. For direct
comparison, a series of measurements was performed using different devices of the same

size for each of the fabrication structures.

Figure 21 shows spectra obtained from 10-minute 2°2Cf exposures using four
different 2x2 mm? implanted GaSb devices. The horizontal axis of these event histograms
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corresponds to the voltage pulse height observed at the electrodes, and is proportional to
the energy deposited in the active region of the detector material. The lowest energy peak,
best observed in Figure 21(d) near channel 70, is associated with the alpha emitted from
22Cf with 6.1 MeV incident energy. The binary fission-fragments from 2°2Cf have distinct
energy distributions, centered near 80 and 100 MeV for the heavy and light fragments,
respectively. Both fragment peaks can be seen in all of the energy spectra in Figure 21. For
the 2x2 mm? implanted devices the average position of the centroid of the light fission-
fragment peak is channel number 680 with a standard deviation of 190, or 28%, due to the
large variation in response. The high count rate on the left side of each plot is due to low
pulse height events caused by background noise (electronic noise, leakage current, etc.)
and is not a true radiation response. While the alpha peak is resolved from noise in the
samples in Figure 21(a, c, d), it is not in the sample in Figure 21(b). As only a fraction of
the alpha-particle’s kinetic energy is deposited as it penetrates the very thin active region,

this may be remedied with larger depletion widths.

For the implanted GaSb diodes, there is a large variation in peak position for
measurements taken using different devices of the same size, which does not correspond
to any obvious variation in device characteristics. This is suggestive of a non-uniform P-N
junction and thus a different thickness of the active region produced during the ion
implantation process. This leads to different amounts of energy being deposited in the
active region, different numbers of electrons liberated in this region, and a variation of the
pulse height observed. This is confirmed in the cross-sectional transmission electron
microscope (XTEM) image in Figure 22(b), where implantation damage zones are shown

46

www.manaraa.com



to be unevenly distributed throughout the Be ion penetration depth.
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Figure 21. Measurements of 2°2Cf radiation with different devices of the implanted GaSh
diode. Counts are in log scale. Plots (a) through (d) represent 2x2 mm? devices.
Measurements were taken with the source placed 8 mm directly above the relevant device.
Charged particle detection response is non-uniform across different implanted devices of

the same size.
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"| GaSb PN junction

n-GaSb substrate

|
Crystal damage

10 nm

Figure 22. a) XTEM image (inset) of MBE grown epitaxial GaSb PN diode with high
quality crystal structure and a HR-XTEM image of the diode showing the GaSb atomic
structure on the 110 plane. b) XTEM image of Be implanted in n-GaSh showing a variety

of implantation induced crystal damage.
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A similar set of 10-minute measurements was conducted to determine the radiation
detector response from the epitaxially produced GaSb structure. Nine devices (epitaxial
numbers 1-9 in Figure 20) were used to measure the 2°2Cf spectra shown in Figure 23, with
a single device presented in Figure 23(a) for clarity. The different devices responded very
similarly to the same radiation for this diode structure, as seen in an overlap of spectra from
eight 2x2 mm? devices in Figure 23(b). While the alpha peaks are more difficult to resolve
from the baseline noise, the fission-fragment peaks are remarkably lined up for the same
sized devices measured. While the average position of the centroid of the light fission-
fragment peak is lower than that of the implanted devices, channel 155, the standard

deviation is only 12 channels, or 8%, for the 2x2 mm? epitaxial devices.

This result suggests a much more uniform depletion region and thus a much more
uniform and well-defined junction across the material grown by epitaxial methods. The
XTEM in Figure 22(a) illustrates the superior material quality and lattice uniformity across
the growth boundary. Device 7 was smaller due to cleaving, and the spectrum, shown in

Figure 23(c), has a higher pulse height response for the same incident particle energies.
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Figure 23. Measurements of charged particle radiation from 2>2Cf with different devices of
the epitaxial GaSb diode material. Counts are in log scale. (a) Only device 1 for clarity;
(b) Devices 1-6, 8, 9; (c) Device 7. All devices except 7 are 2x2 mm?. Device number 7 has
reduced surface area due to cleaving. The radiation response is very consistent for
epitaxially produced GaSh devices of the same area.
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Despite the epitaxial and implanted materials being very similar in composition and
doping density, and using identical readout electronics and settings, the detector responses
are clearly different. The depletion widths were calculated to be 25 and 26 nm for the
epitaxial and implanted structures, respectively, assuming an abrupt junction in each case.
This is a reasonable assumption when considering epitaxially grown materials, as the
doping can be controlled precisely between layers. Highly uniform detector response was
seen with epitaxial devices of the same surface area. In the case of diodes fabricated by
ion-implantation, the doping density is a maximum at the average penetration depth for the
incident ion energy, with some ions implanted nearer to or farther from the incident surface.
Damage zones within the implanted material may have also contributed to the variation in
detector response observed with ion-implanted devices of the same size. The implanted
GaSb devices have a better signal-to-noise ratio, seen by the separation of the alpha peak
from the baseline noise, while the epitaxially grown devices have a much more a uniform

response.

The smaller epitaxial device, number 7, had an improved signal-to-noise response,
with the alpha peak separated from the noise, and the fission-fragment peaks spread out
past channel 600. To further examine the effects of reduced device size, additional
measurements were taken with the epitaxial GaSh samples and the 2 Am alpha-particle
source. The amplifier gain was lowered and measurements were taken for 100 minutes
each for three small devices, with results in Figure 24. These devices were significantly
smaller than the ones used for Figure 23, ranging from 500x500 um? to 900x900 um?, and
results demonstrate the detector behavior for different device surface areas.

51

www.manaraa.com



300 . ! )
—500x500

250+ —700x700 {
—900x900

200}

150+

counts

100+

50

010 20 30 40 50
channel

Figure 24. Measurements of 2*Am with different device areas, ranging from 500x500 pum?
to 900x900 um?, using epitaxial GaSb diodes. The alpha peak shifts up and away from low
channel background noise and the counting efficiency decreases as the device size is

reduced.

As seen in Figure 24, the energy deposited from 5.5-MeV alpha-particles from
24LAm is in a higher channel and is most separated from the background noise for the
smallest device, while it is lower and least separated for the largest device. The energy
resolution improved with the epitaxial GaSb device size decrease, with 46%, 36% and 26%
for 900x900 pm?, 700x700 um?, and 500x500 um?, respectively, for these thin films with
only partial alpha energy deposition. VVoltage-capacitance relationships for PN junctions
dictate that the diode capacitance increases as the cross sectional area of the junction [38]
and the pulse height is inversely proportional to the capacitance [7], seen in other work [39,

40].
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Similar behavior was also noted by Klann and McGregor [40], where they observed
lower noise and cleaner signals for smaller area GaAs detectors. Decreasing the total
capacitance by widening the depletion region would allow for larger detector surface areas
while producing sufficiently large pulses. Alternatively, small area detectors could be
joined in series to achieve a balance between pulse height and detection efficiency, as has
been suggested by Steinberg [39]. With improved signal-to-noise and energy resolution,

X-ray and gamma-ray spectroscopy applications may become feasible.

In this study, my collaborators and | have demonstrated charged particle radiation
detection by use of GaSb diodes fabricated by both ion implantation and epitaxial growth,
with identifiable peaks in the spectrum from alpha particles and fission fragments. A
consistent detector response is obtained from MBE-grown antimonide diodes whereas
more variation is observed for similarly sized Be ion-implanted devices. The signal pulse
height, and thus the signal-to-noise ratio, is improved when device size is reduced; this can
be attributed to a decrease in the diode depletion capacitance. A disadvantage of reduced
device surface area is reduced geometric detection efficiency. Because GaSbh has not
previously been considered for detection of radiation, much scope for improvement is
possible. Increasing the detector depletion width to enable full energy deposition would

improve energy resolution and overall detection performance.
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3.2 AISb PIN Diode Detectors

Following successful measurement of heavy charged particles with simple
homoepitaxial GaSb diodes, AISb P-1-N structures were grown and characterized for their
radiation response. Bennet and Shanabrook [27] report a much smoother surface for AlSb
growth on GaAs substrates than with GaSb epilayers on GaAs. Because of the larger band

gap of AlISh, compared to GaSh, reduced thermal noise was expected.

Results of this study were published in the proceedings of the IEEE Nuclear Science
Symposium and Medical Imaging Conference and the Journal of Electronic Materials [41,

42].

3.2.1 Structure & Fabrication Techniques

Heterostructures composed of GaAs, GaSh and AlSb were grown using a twin VG
V80 MBE reactor with valved As and Sb crackers and VEECO’s SUMO™ effusion cells
for In, Ga and Al. The Al and Sb used for this work has 7N purity. Processed and cleaved

samples of the AISb devices fabricated for this study are shown in Figure 25.
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Figure 25. Metalized AlISb diode samples R12-23 and R12-50.

As the goal of this project was to analyze MBE grown AISb for radiation detection,
the primary growth structure was a p-type/insulator/n-type (P-1-N) diode, as shown in
Figure 26. Undoped AISb was grown to 5 um thick on a commercially obtained n-type
GaAs substrate, with 10 nm of p-type GaSb doped with Be atoms as an oxygen protective
capping layer to prevent the AlSb from oxidization. Structures R12-23 and R12-50 were
grown under identical conditions, although on different days. Prior to the application of
ohmic contacts to the R12-50 diode, it was cleaved into two pieces and one was annealed.

The structures were then further cleaved to produce samples of various dimensions.

55

www.manaraa.com



10 nm p-GaSb

5 pm undoped AlSb

n-GaAs substrate

Figure 26. R12-23 and R12-50 AISb structure used for all characterization excluding Hall

measurements.

The simple structure (Figure 27) was necessary for Hall measurements, as the

substrate and capping layers needed to be non-conductive for characterization of the AlSb

layer.

10 nm SI GaAs

3 um AlSb, undoped, Te-
doped, or Be-doped

SI GaAs substrate

Figure 27. R14-145, R14-171, R14-172, R14-175, R14-176, R14-177, R14-178, R15-34;

AISb structure used for Hall measurements.
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3.2.2 Characterization

3.2.2.1 Surface Quality

All surface measurements were performed using diode structures R12-23 and R12-
50, illustrated in Figure 26, prior to the application of ohmic contact layers. The surface

was found to contain some defects, as was expected for heteroepitaxial growth.

Nomarski imaging provides nondestructive topographical information on a
microscopic scale by taking advantage of the interference contrast of two images of the
same surface 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 [30].
Different levels of magnification can be used to examine surface characteristics over a wide
range of dimensions. The following images in Figure 28 and Figure 29 depict features

observed at different levels of magnification for R12-50 and R12-23, respectively.

10x
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20x

50x

100x

Figure 28. Nomarski images of sample R12-50 at 10, 20, 50 and 100 times magnification.
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10x 50x

Figure 29. 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
the material surface being examined [30]. AFM measurement results for sample R12-50

are shown in Figure 30.
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Figure 30. Atomic Force Microscopy images for sample R12-50.

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 31 below [30]. The spiral features on the AFM images in Figure

30 indicate the existence of screw dislocations, which is common (but not desirable) for
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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 31. Screw dislocation [30].

3.2.2.2 Lattice Quality

Material composition measurements were also performed to evaluate the lattice
quality using the diode structures R12-23 and R12-50 prior to the final processing step of

applying ohmic contacts, and one of the undoped Hall structures, R12-145.

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 = 2dsin6.
An Xx-ray beam of wavelength A is scattered off of the surface of a crystal at an angle 0 and
the reflected beam is measured. The distance between atomic layers in the crystal (lattice
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

32.
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Figure 32. Bragg Scattering, nA=2dsin6.

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 Error! Reference source not found. 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 Figure 26. The relative low intensity
of the GaSb 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 AISb peak compared to the GaSh
peak suggests that the GaSb layers contain more strain related defects than the AISb layer.
While the AlISb 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 33. XRD plot of R12-50.

A similar plot is shown in Figure 34 for R12-23, where the horizontal axis has been
converted to arc seconds and normalized such that the substrate is the zero reference. The
range of the horizontal axis has also been shortened, making the peaks appear to be broader

in this plot, although they are actually very similar.
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Figure 34. XRD scan of R12-23 PIN structure. Here, the horizontal axis has been converted

to arc seconds, with the GaAs substrate set to zero.

The XRD scan of the undoped Hall structure, R12-145, is shown in Figure 35. Here,
the GaSb peak is absent, as the structure only contains AlSb and GaAs layers (structure in
Figure 27). There is some broadening to the right side of the AlISb peak, indicating tensile

strain between the AISb and GaAs layers.
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Figure 35. XRD of R14-145 undoped AlSb Hall structure. Here, the horizontal axis has

been converted to arc seconds, with the GaAs substrate set to zero.

3.2.2.3 Electrical Quality

The electrical characterization of the AISb samples was primarily performed using
Hall effect measurements of the doped and undoped Hall structures (Figure 27), though I-

V curves were also measured for cleaved pieces of the diode structures (Figure 26).

A comprehensive study of the transport properties using Hall effect measurements

for undoped and doped AISb is presented in Chapter 7.
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The diode samples R12-23 and R12-50 were cleaved to remove metalized edges
and to create samples with different dimensions. The 1-V measurement results for R12-50
are shown in Figure 36, where sub-sample R12-23d appears to have the most diode-like

behavior.

-V Curve R12-23
0.09

007 /1]
005 /]
0.03 /// ———R12-23a
0.01 | /4 - R12-23b
ZE; / / - R12-23¢
0.05 / // R12-23d
-0.07

/

-0.09

Current, A

Voltage, V

Figure 36. I-V measurements of R12-23.

Figure 37 shows the I-VV measurement results for annealed and non-annealed sub-

samples of R12-50, where none of the curves are very diode-like.
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Figure 37. I-V measurements of R12-50.

Growth of AlSb on GaAs substrates introduces a large strain due to the large lattice
mismatch (~8%). After a few monolayers of psuedomorphic growth under compression,
the epilayer relaxes leaving an array of periodic dislocations as an interface, as shown in
the TEM image in Figure 38, left. The threading dislocation density was large near the
interface but was reduced significantly as the AISb growth progressed (Figure 38, right).
Nomarski imaging was used to analyze the surface, which was found to be smooth with
few defects. The RMS roughness is in the range of 1-2 mm. Screw dislocations (5x10° cm
%) were observed with AFM measurements, indicative of shear strain commonly seen with

heteroepitaxial growth of antimonides. XRD analysis also showed some strain in the AlSb
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layer, with a FWHM of 0.1440 degrees. This corresponds to a defect density of 4-6x108

cm2 based on XRD rocking curve calculations.

Mt

51.2nm/10 spacings= 5.12nm

GaAs substrate .

GaAs substrate

Figure 38. TEM images of AISb on GaAs, with higher resolution at left to show lattice

dislocation spacing.

3.2.3 Radiation Response

During radiation response measurements, the diode structure was placed with the
n-type substrate in contact with a copper plate while probes were placed on the copper plate
surface and the p-type side of the structure to deliver bias and to measure output pulses.
The microprobe station was kept inside a metal enclosure to reduce RF noise. The
photographs in Figure 39 show the experimental setup. Standard readout electronics were
used and the output signals were converted by Maestro software to produce pulse-height

spectra. Sealed radiation sources used include ?**Am, ?5Cf, and 2*Pu, and the distance
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between the sources and the detector surface was fixed at 8 mm. The thin film AlISb diodes
were cleaved into smaller area pieces to improve signal pulse height, per known voltage-

capacitance relationships for diodes.

Figure 39. Images of radiation detection experimental setup.
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Direct radiation measurements were performed with the MBE grown AlSb diodes
using 2°2Cf, 22Am, and 2%Pu alpha particles, with fluence rates of 2500, 150, and 4700 cm"
251, respectively, with the caveat on Am effective activity from chapter 5. For *1Am alpha
particles, the detector responses from diode samples with surface areas ranging from 10.5
mm? to 1.0 mm? are shown in Figure 40 (top), where it was observed that smaller surface
area detectors produced larger output voltage pulses, associated with higher channel
number. This is consistent with capacitance-voltage relationships for diodes, where the
diode capacitance increases as the cross sectional area of the junction [38] and the pulse

height is inversely proportional to the capacitance [43], seen in other work [34, 39, 40].

1500 : ; ; . :
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Figure 40. AlISb radiation response from detector samples of different surface areas.
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As the PIN structure samples were grown prior to optimization studies, the smallest
of the diodes (1 mm?) was used for best signal-to-noise results. The diode IV curve (Figure
41) is representative of the 1 mm? AISb sample. With more optimized materials based on

the current study, diode characteristics and signal-to-noise are expected to greatly improve.
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Figure 41. 1-V measurement of AISb PIN diode sample (R12-23d) used for radiation

detection.

Though full energy was not deposited in the thin active layer, the alpha particle
peaks remained strong and easily discernible above background, and basic energy
spectroscopy was performed comparing the sources over 48 hours, see Figure 42(top). The
average centroid for the alpha peaks was channel 135 with a standard deviation of 12
channels, resulting in an energy resolution of about 9%. Following the Bragg curve for

alpha energy deposited in matter as a function of the penetration depth (Figure 42, bottom),
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more energetic alphas traveled deeper into the material but deposited less energy in the thin
detector region. Conversely, less energetic Pu-239 alphas deposited more energy into the
detector, resulting in a larger pulse in the oscilloscope and the alpha peak being centered
at a higher channel number. The colored vertical lines in the top plots in Figure 42

correspond with the colored curves in the Bragg illustration below.
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channel channel channel
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Bragg Curve E,=5.5 MeV
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Linear energy transfer dI¥/dx

Distance of penetration, x

Figure 42. AISb detector response for different alpha energies, top, and corresponding
illustration of Bragg curves, bottom.
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3.3 Comparison of AlSb with GaSh

In addition to improved counting statistics, the AISb detection pulses were also

larger compared with those seen with the GaSb detectors, resulting in higher channel peaks

and better signal to noise response. This can be seen clearly in the plots in Figure 43, where

the alpha peaks are more separated from background for the AISb spectra. In the GaSh

spectra, as the surface area approaches 1 mm? the signal nearly gets lost in the noise,

whereas in the AISb spectra the surface area is larger than 3 mm? before the noise

dominates. This can be attributed to the larger band gap for AlISb material, resulting in

fewer thermally generated charge carriers compared with GaSb.
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Figure 43. AISb (left) compared with GaSb (right) spectra of Am-241 alphas detected by
devices of different surface areas, from Figure 24 and Figure 40.
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Chapter 4

Optimization of Transport Properties

4.1 Transport Properties

In terms of radiation detectors, it is desirable to have high carrier mobilities (for
both electrons and holes), high resistivity, and low free carrier concentrations. As discussed
in Chapter 1, charge motion induces a pulse in the electrodes following a radiation
interaction event, which depends on carrier mobility. High resistivity allows the use of high
fields to accelerate the charges and reduce recombination without an overwhelming
leakage current. Carrier concentration is inversely proportional to both mobility and
resistivity, so minimizing this value in turn has the effect of optimizing the other material

properties.

Carrier transport properties in semiconductors are largely governed by scattering
effects [44]. The following subsections will describe these properties and discuss the theory
behind the measurement or calculation methods used in this research. Dieter Schroder [45]

gives a comprehensive review of this subject in his textbook Semiconductor Material and
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Device Characterization and the reader is directed there for further details, as the discussion

below is a summary.

4.1.1 Carrier Concentration

The intrinsic concentration of charge carriers in a material is a measure of the
number of electrons in the conduction band and holes in the valence band. These carriers
are not generated by radiation interactions and exist in steady state, where they contribute
to leakage currents under an applied bias in a semiconductor detector. In the case where
the intentionally added dopants are uniformly distributed, the majority carrier density is the
same as the doping concentration [45], and the following discussion will use this
assumption. Although the carrier concentration may be measured myriad ways, both
optically and electrically, using the Hall effect is a clever way of determining several
transport properties in a single measurement. This method computes an average carrier

density [45].

Theoretically, the Hall coefficient is described by

— b2
Al (19)
q(p + bn)
although it is often simplified into two equations; one for each carrier type [45]:
T
Ry = p for p-type (20)
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T
Ry =— p for n-type

where r is the scattering factor. Since r is most often unknown, it is usually assumed to be
unity, although its actual value is between 1 and 2. The other parameters, n, p, ¢, and b,
represent the electron density, hole density, electronic charge, and a ratio of the carrier
mobilities, respectively. Experimentally, the Hall coefficient (Ry) is related to the sample
thickness (t), the Hall voltage (V), the magnetic field (B), and the current (I) by

Wy

= 21
Ry ="t 2

Rearranging the reduced theoretical and experimental equations, the carrier densities for

holes and electrons can be calculated by

(22)

Note that the measureable carrier concentration is related to the difference between the

donor and acceptor densities.

4.1.2 Resistivity

The resistivity of a semiconductor material is dependent on the nature of the charge

carriers and how much they resist against the flow of an electric current. Bulk grown
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materials do not maintain uniform resistivity due to variability in growth, whereas
epitaxially grown materials are highly uniform and thus exhibit very consistent resistivity
throughout the crystal [45]. The following relationship between the carrier densities and
mobilities can be used to calculate the resistivity in the case where the population of the
majority carrier is much larger than that of the minority carrier, so that the minority carrier

terms can be neglected,

1

B q(np, + pUp) 23)

p

However, we wish to use the resistivity to calculate the carrier mobility, so another

approach is needed.

Van der Pauw’s theory and equations provide the necessary tools to directly
measure the resistivity of an arbitrarily shaped sample, so long as a set of conditions is
maintained [45]:

a) the location of the contacts is at the periphery of the sample, as in Figure 44,

b) the size of the contacts is small enough to be mathematically neglected,
c) the thickness of the sample is uniform, and

d) the sample surface is continuous.
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A >

Figure 44. Van der Pauw contacts.

The measurement required is that of the resistances between neighboring contacts, which

is often calculated using Ohm’s Law,

V3

R12,34 = E
(24)

/%

R23,41 = I_

23

where the subscript indicates the contacts uses (e.g., I;, represents current flow from 1 to
2). In general, a correction factor, F, is used to account for the difference in resistances
between neighboring contacts when calculating the resistivity of an asymmetrical sample.

_ it (Riz34 + R2341)
In(2) 2

p F (25)

However, if the sample geometry is also symmetrical (as in Figure 44), the resistivity

between neighboring contacts is equal and the equation may be reduced to

nt

p= mR12,34 . (26)
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Semiconductor resistivity is sensitive to changes in carrier concentration, as

illustrated in Figure 45 for n- and p-type GaP, GaAs and Ge [46].
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Figure 45. The effect of dopant concentration on resistivity [46].
High-resistivity (p > 10" Q-cm) measurements using van der Pauw methods are

susceptible to errors due to leakage paths and sample loading by the voltmeter [45].
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4.1.3 Carrier Mobility

The carrier mobility is a term which is used to describe the ease with which
electrons or holes move within a semiconductor when influenced by an electric field. It is
proportional to the conductivity. There are several different types of mobility parameters
for a given material, though the drift mobility and the Hall mobility are most often
considered for characterization purposes. Hall measurement techniques are most often used
as they are easily performed. Hall mobility and drift mobility are related by the scattering
factor, r [44, 45]. This section will be limited to a discussion of the Hall mobility, as it is

the parameter characterized in this research.

The Hall effect is a phenomenon that occurs when a magnetic field is applied to a
conducting material perpendicular to the flow of current. As Figure 46 illustrates, the free
dominant carriers accumulate at one edge under the influence the orthogonally applied

current and magnetic field.

[ B

Applied current through Charge carriers flowdue With applied magnetic Electric field is induced
semiconductor material to the current field charge carriers and Hall voltage Vi can
accumulate at one edge be measured

Magnetic field

Electric field

Figure 46. Diagram of the Hall effect showing the relation between field and charge

motion.
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This induces an electric field orthogonal to both the current and the magnetic field. The
voltage potential difference, VVy, is measured and used to calculate the Hall coefficient, Ry.
The Hall mobility is proportional to the Hall coefficient and the resistivity, p, or

conductivity, o, of a material.

W= ——=|Rylo (27)

Because of added scattering, increasing the dopant concentration tends to reduce
the mobility of charge carriers. This effect is shown in Figure 47 for Ge, Si and GaAs of
both n- and p-type conductivity [46]. However, if the semiconductor material is already
intrinsically more p or n-type, dopants can be added for compensation, which can in turn

reduce the number of free carriers and thus improve transport.
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Figure 47. The effect of dopant concentration on mobility [46].
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4.2 Doping Concentration — Hall Study

Several growths were performed with varying levels of p- and n-type intentional
doping, and no intentional doping, to examine trends to produce high quality AlSb. To
characterize the materials, Hall measurements were taken using four-point probe and van

der Pauw methods.

The purpose of the Hall measurement study was to determine the effect of p- and
n-type doping on the carrier mobility and resistivity. These parameters are very sensitive
to defects and impurities in the material and have been inconsistently reported in literature
due to variations in material quality for different growths. MBE techniques are used to
grow very high quality structures using AlSb, although the electrical properties are rarely
measured as the AISb layer is often used as a buffer and not an active region. This study
has resulted in better understanding of the electrical properties of undoped and doped MBE
grown AISb material. These findings were published in the proceedings of the IEEE
Nuclear Science Symposium and Medical Imaging Conference and the Journal of

Electronic Materials [41, 42].

It was expected, based on bulk growth reports, that the AISb material would exhibit
p-type conductivity and that compensation by doping would improve electrical
performance. Doped samples were grown on the GaAs substrates using GaTe for n-type
and Be for p-type conductivity in the AISb layer. One undoped AISb sample and seven

doped AISb samples were compared with an undoped homoepitaxial GaAs sample to rule
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out contribution from the substrate. Be doping ranged from 6x10%* cm to 1x10” cm™ and

Te doping ranged from 8x10° cm™ to 1x10Y7 cm3,

4.2.1 Sample Structure & Doping Design

As shown in Figure 48, the structure design for the Hall effect characterization of
AISb consisted of 3 microns of undoped or doped AISb grown on a semi-insulating GaAs
substrate, with a 10 nm GaAs cap layer on top to protect the AISb from oxidation. The
choice was made to use GaAs, rather than lattice-similar GaSh, for the substrate and cap

layer material to minimize conductivity in the non-AlSb layers.

10 nm cap layer

3um
AlSb

GaAs
substrate

Figure 48. AlSb doping study sample structure.

Intended dopant concentration levels for Be doped samples were 5x10%°, 1x10%°,
and 1x10'7 cm™, corresponding with Be source cell temperatures of 590, 615, and 660 °C,
respectively. Because the AISb material is already slightly p-type, additional p-type doping

was straightforward and predictable.
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To change the polarity of the dominant carrier, the p-type nature must first be
compensated for. During the transition from slightly p-type (nearly Sl), the material

becomes Sl before exhibiting n-type conductivity.

The intended doping for the Te-doped samples was 1x10%°, 5x10%°, 2x10, and
1x10% cm3, corresponding with Te source cell temperatures of 320, 365, 393, and 430 °C,

respectively.

4.2.2 Hall Measurements

The Hall measurements were performed at the Center for High Technology
Materials (CHTM) at the University of New Mexico. Samples were cleaved into 1 cm x 1
cm squares and In contacts were annealed to the corners of the epi-surface (GaAs cap layer)
using a hotplate at 350 °C for 3 minutes. For measurement, each prepared Hall sample was
then placed into a holder with probes anchored to each corner contact, as seen in Figure

49,
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1 cm? sample
with indium
contacts
annealed in
van der Pauw
configuration

Sample holder with
adjustable probe tips

Figure 49. Hall sample holder.

Four triaxial cables were connected between the holder and the testing equipment,
and the holder was placed into the magnet, as shown in Figure 50. The electronics were

controlled by a LabVIEW program, which also calculated the electrical parameters based

on measurement readings.
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Sample holder placed
in electro-magnet
chamber

LabVIEW front panel

Electrometers, current
source, switch,
multimeter, DC power
supply (not shown)

Figure 50. Hall equipment setup.

The Hall measurement LabVIEW program takes the resistances across the two
diagonal paths between the four point contacts, along with the resistance of two
neighboring contacts with and without the magnetic field applied. These resistance values

are then used to calculate the following:

|R12,34| + |R23,,=41|>F

Sheet Resistivity [2/square] = ( 2In(2)

Bulk Resistivity [QQ — cm] = (Sheet Resisitivity) * (Sample Thickness [cm])

|R24.13 — R4 13 witn B—Fieldl . ( 1 )
10-5B[kGauss] Sheet Resistivity

cm?
Hall Mobility [ Vs l = (

87

www.manharaa.com



1
Sheet Ch -2 =( )
eet Charge lem™] = \ g Mobility + Sheet Resistivity = 1.6 X 10

_ Sheet Charge
~ Sample Thickness [cm]

Carrier Concentration [cm™3]

Because of the high resistance of several of the samples, the existing Hall setup was
unable to measure the properties very accurately. For large resistance measurements, a very
small test current was needed. The lower limit for the test current with the Keithley 224
Programmable Current Source was quoted at 20 YA, although it would allow currents as
low as 0.005 pA (probably with less certainty). This limited the measurability of transport
properties to samples with resistances less than about 20 MQ, associated with carrier

concentrations of about 10! cm™ or greater.

The resistance between contacts was measured with a handheld multimeter and the
results are given in Table 6, along with the corresponding test current used to perform Hall
measurements. Four of the samples were too resistive to be measured with the existing Hall
setup. In order to measure the highly resistive samples, a current source mirror (transfer
function lout = 1in/200,000) was designed and constructed by F. K. Husher (see Appendix B
for device documentation). Sample carrier concentrations were measured as low as 2x10°

cm for undoped AISb with the current mirror installed.
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Table 6. Resistance and test current, in order of increasing resistance between contacts.

The highlighted rows indicate highly resistive samples.

Sample # Resistance between contacts Test Current [UA]
R14-171 1.5 kQ 200
R14-174 13 kQ 15
R14-176 0.3 MQ 0.8
R14-177 0.7 MQ 160
R14-172 0.8 MQ 20
R14-144 20 MQ 0.01
R14-175 >50 MQ 0.005
R14-145 >50 MQ 0.005
R14-178 >50 MQ 0.005
R15-034 >50 MQ 0.005

4.2.3 Results & Analysis

Table 7 outlines the MBE growth doping details and the intended doping level

versus the measured carrier concentration. Heavier doping was easier to predict, with

concentrations larger than 10*® cm being symmetric between intended and measured

levels for both Be and Te doped samples. Lighter doping was especially problematic for

Te-doped samples, where a difference of many orders of magnitude was observed. This is

attributed to initial compensation effects of the mildly p-type AISb.
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Table 7. Doping details for samples with intentional added carriers. The highlighted rows

indicate doped samples with very low carrier concentration, despite adding dopants.

) Measured Carrier

sample# | popant | "endeaogng) | DoprtCal | Concentaion
[em™]
R14-175 Te 1x10% 320 8x10°
R14-178 Te 5x10%° 365 2x1010
R14-176 Be 5x10% 590 6x10%
R14-174 Be 1x1016 615 1x10'6
R14-172 Te 2x101° 393 2x1018
R14-171 Be 1x10Y 660 1x10Y
R14-177 Te 1x10Y 430 1x10Y

Results for the Hall measurements of the undoped and intentionally doped samples

are presented in Table 8, where the highlighted rows are representative of samples with

exceptionally good values for both mobility and resistivity. These results follow the

predicted nature for semiconductor materials, with mobility and resistivity increasing as

the carrier concentration is reduced.
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Table 8. Hall results, ordered by active layer and increasing carrier concentration. UID

is unintentional doping - samples with no doping applied.

Measured -

Sample # ictive Carrier < Carlt'iel;- Hall Nj()blhty Resistivity

ayer Type oncen -13‘a ion em’/V-s] [Q-cm]

[cm |

R14-144 | GaAs p 5%10" 260 4x10°
R14-145 | AISb SI %10 3000 1x10°
R15-034 | AISb SI 8x10° 900 1x10°
R14-175 | AISb SI 2x10° 1600 6x10°
R14-178 | AISb SI %10 3000 4x10°
R14-176 |  AISb P 6x10" 100 1x10°
R14-174 |  AISb P 1x10" 200 2x10"
R14-172 |  AISb n %10 60 5%10"
R14-171 | AISb p 1x10" 200 2%x10"
R14-177 | AISb n 1x10" 140 4x10"

The measured net carrier concentration is shown as a function of inverse
temperature in the semi-log Arrhenius plot in Figure 51. As expected, the Be-doped
samples follow a linear trend due to the well-behaved nature of Be as a dopant. On the
other hand, the GaTe-doped samples are more scattered, with a gap between very lightly
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doped samples and more heavily doped samples. This region of doping is difficult to
achieve because of compensation effects. The extrapolated vaporization temperature was

calculated to be 231° C and 295° C for Te and Be doping sources, respectively.

18
17 R ¢ Be
y = -24.829x + 43.708 ‘\‘ \. ®Te
16 x-int = 1.760
Ty, =295 C \ \
.8
= 14 \
=
S 13
2 \ y =-30.475x + 60.429
8 12 x-int = 1.983 —
50 \ TTe =231C
[ ]
10 \.
9
8 T T T T 1
0 0.5 | 1.5 2 2.5
1000/T [K]

Figure 51. Arrhenius Plot of Te- and Be-doped AISb samples. Extrapolated vaporization

temperatures are 295 and 231 °C for Be and Te doping sources, respectively.
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4.3 MW-PCD Carrier Lifetime Study

4.3.1 Carrier Lifetime

Carrier lifetime is a general term to describe all carrier trapping and scattering
effects that determine the amount of time between carrier generation and carrier
recombination. The primary mechanisms that result in the loss of carriers are Auger
recombination, radiative recombination, and Shockley-Read-Hall (SRH) multi-phonon

recombination. The associated lifetimes are related to the recombination lifetime, z,. , by

1 1 1
T, = + + (28)

TsrH  Trad TaAuger

All recombination processes are driven by the necessity to restore the system energy to
equilibrium. The equations governing each of these mechanisms are given in [45], but are

omitted here as they are not explicitly necessary for this discussion.

As the diagram in Figure 52 shows, Auger recombination occurs when the
recombination energy is transferred to a third carrier, either an electron or a hole, and the
Auger lifetime is proportional to the carrier density squared. It is an intrinsic property of
the material. Radiative recombination releases an energetic photon when electron-hole
pairs recombine directly from band to band, and is not dominant in indirect gap materials.
SRH recombination depends on an intermediate energy level where electrons and holes
meet and phonons are released. It is highly influenced by material quality, as the impurities

serve as trapping centers. Impurity levels can have a large impact on the lifetime of
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generated carriers in a material. The nearer a trap energy level is to the center of the
semiconductor band gap, the higher the trapping efficiency [47]. In general, impurities in

a material will shorten the carrier lifetime in the conduction band.

Auger Radiative SRH
!
— o0 ® [ ] I E;
L phonons
phol‘on —
OX®) @ E,
v

Figure 52. Carrier recombination mechanisms.

While there are several techniques available for measuring the carrier lifetime,
microwave-reflectance (or microwave-detected) photoconductive decay (MW-PCD) was
used in this research due to its ability to measure indirect band gap materials. The method
is based on measuring the change in conductivity of a material after an initial pulse of laser
light is used to excite the charge carriers. The microwaves are reflected off of the
semiconductor and the intensity of the reflected microwave signal (which is dependent on
the conductivity of the material) is measured. The amplitudes of the incident and reflected

powers are related by the time constant, T,

[ =l (29)
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The time-dependent excess carrier concentration, An(t), can be expressed as a ratio of the

time-dependent conductivity, o(t), and the mobilities, p, and L,

O]
an(t) = q(ie + pn) 9

This is how the changing conductivity is used to determine the decreasing minority carrier

population as a function of time, resulting in the so-called minority carrier lifetime.

Minority carrier lifetime is a material property that is a good figure of merit for
evaluating semiconductors with respect to carrier transport. There are many parameters
that have the ability to influence both the actual lifetime and the measurable “effective”
lifetime. Minority carrier lifetimes for direct bandgap materials are easily measured using
straightforward photoluminescence (PL) techniques, but this method does not work for
indirect bandgap materials such as silicon and AISb. Also, the lifetimes for indirect-gap
materials tends to be longer than for direct-gap, due to the necessary involvement of

phonons in the recombination process [5], quenching radiative recombination [15].

In this study, the contactless method of measuring the carrier decay time by
microwave-reflected photoconductive decay (MW-PCD) was used to determine the effect

of p- and n-type doping. Results of this work are being prepared for publication.
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4.3.2 MW-PCD Measurements

This process utilizes a light pulse from a laser to excite the carriers. Microwaves
are directed toward the sample surface and a reflected microwave signal is measured. The
intensity of the reflected signal is proportional to the conductivity, which decreases as the

minority carrier population decreases as a result of recombination.

A schematic of the equipment setup is given in Figure 53 for the MW-PCD system
used at the National Renewable Energy Laboratory (NREL) to perform measurements for
this study. The spot size of the laser beam was about 1 cm diameter and the power was
about 100 mW, with a laser pulse rate of 10 Hz. The pulse width was about 5 ns, ensuring
that the carriers were nearly instantaneously excited. Measurements were taken using laser
wavelengths of 1000, 920, 900, 880, 760, and 625 nm. During sample measurement,
neutral density filters were used to attenuate the power. For the majority of the

measurements the attenuation was 10°.

The samples used for this study were the same as those used for the Hall study,
outlined in Table 8, with AISb layer doping densities ranging from unintentionally doped
(UID) 2x10% cm™ to moderately doped p- and n-type 1x10'" cm®. The undoped
homoepitaxial GaAs sample was also included in consideration of contribution to the signal

from the substrate.
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Figure 53. MW-PCD system diagram for setup at NREL [48].
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4.3.3 Results & Analysis

For the MW-PCD measurements using laser wavelengths larger than 625 nm the
decay behavior was very similar across all of the samples, including the GaAs sample. The
signals had very long decay profiles, even as the wavelength reached far into the infrared
region where signals were expected to disappear with sub-bandgap energy. As the bandgap
for AISb is 1.6 eV, it is essentially transparent for wavelengths longer than about 770 nm.
Similarly, the GaAs substrate requires wavelengths shorter than about 880 nm to excite
carriers in the 1.4 eV bandgap. Perhaps the measurements were representative of the GaAs
substrate or the material used to support the samples during measurement, which would
not show any variation with AISb layer doping densities.

The 625 nm measurements revealed some distinction between the samples, with
the GaAs sample following expected decay behavior with a single decay constant in the
nanosecond range (Figure 54), and the other samples exhibiting a combination of multiple
exponential decay curves (Figure 55, Figure 56, and Figure 57).

The results are plotted in groups according to the nature of the conductivity. In
Figure 55, Figure 56, and Figure 57, the different decay regions are indicated by different
colored line segments and boxes displaying associated decay constants. The insets in the
doped sample plots show the time constants as a function of carrier concentration for each

decay region.

98

www.manaraa.com



R14-144 (undoped GaAs) 625nm MW-PCD
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Figure 54. 625 nm MW-PCD results for R14-144 homoepitaxial GaAs sample, with the

time constant associated with the decay indicated inside the blue box in units of s.

It appears that the dopants do have an effect on the decay signal, although the
finding is in disagreement with initial expectations. Many researchers have observed
decreased carrier lifetime for doped material, due to increased scattering. The results
presented here clearly show longer decay times for doped samples, both p- and n-type,
however the trend is not proportional to the doping concentration. One publication reported
improved lifetime for compensated material [49], a phenomenon the researchers attributed

to a reduction in recombination strength of the doping species and metal impurities by
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increased compensation levels. Although, they admit that there may be a limit to the
beneficial effects, and that further doping may degrade the lifetime behavior.

The other unusual feature seen in these plots is the multi-exponential shape of the
decay curves, with at least three different decay regions, perhaps indicating different
competing processes taking place. This phenomenon has been observed by others [50, 51,
52], where the behavior was explained by multiple trap levels within the bandgap,
presumably associated with defects [50, 51, 52], or a transitional effect between surface
and bulk recombination processes [51].

In Figure 58 the trend is nearly flat for the data points, indicating the negligible
effect of doping concentration on carrier lifetime. Ahrenkiel et al. [53] published their work
on doped InGaAs with the claim that the doping levels govern which recombination
mechanism is favored. As the doping concentration increases from low to moderate to high,
the dominant recombination process changes from Shockley-Read-Hall to radiative to
Auger, respectively. In their study on doped silicon and germanium samples, Gaubas and
Vanhellemont [51], report similar findings, with low to moderately doped material (up to
about 10'® cm?) following Shockley-Read-Hall models, and heavily doped material
dominated by Auger statistics.

Based on the literature [51, 53], it can be deduced that changes in doping
concentrations do not influence the effective lifetime measurements in the SRH region,
whereas in the radiative and Auger regions, increasing the doping level causes a
proportional reduction in carrier lifetimes. Perhaps all of the samples measured in this study

were doped mildly enough to remain in the SRH zone, where the doping has little effect
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on the lifetime. Additional measurements with more highly doped samples should be taken

to confirm this.

SI AISb 625nm MW-PCD
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Figure 55. 625 nm MW-PCD results for semi-insulating samples R14-145 (middle curve),
R14-175 (bottom curve), and R14-178 (top curve), with the associated Hall carrier
concentration noted at the end of each curve and the decay time constants in the boxes next

to each decay region in units of s.
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p-AlSb 625nm MW-PCD
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Figure 56. 625 nm MW-PCD results for p-type AlSb samples R14-174 (top curve), R14-
171 (middle curve), and R14-176 (bottom curve), with the associated Hall carrier
concentration noted at the end of each curve and the decay time constants in the boxes next

to each decay region in units of s.
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Figure 57. 625 nm MW-PCD results for n-type AlSb samples R14-177 (top curve), R14-
172 (middle curve), R14-178 (bottom curve), with the associated Hall carrier
concentration noted at the end of each curve and the decay time constants in the boxes next

to each decay region in units of s.
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Moderately Doped AlSb
1E-03
®
IR R N S R R R R R R R RN R R Rt ererserivevi
®
_ 1E-04 e
‘% 'CETEEL B A ..
T ®
g
& 1505
i TTT—— P R T————— o
°
1E-06
1E+14 5E+16 1LE+17
Carrier Concentration [cm™~]
® Slow Decay @FastDecay © Mid Decay

Figure 58. Time constants vs. carrier concentration for p- and n-type samples with

densities larger than 1x10% cm,
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Chapter 5

Discussion

5.1 Summary of Results

With MCNP benchmarking and simulations, it was shown that AlSb material had
the potential to perform better than silicon with respect to counting statistics and low
energy spectral features. Then, thin film AISb was grown with very few surface defects
and good quality lattice structure, despite the lattice mismatch between epitaxial layers.
GaSh P-N diode structures were used to determine the effect of diode fabrication method
on radiation response, with the finding that MBE grown structures behaved uniformly for
similarly sized devices, whereas devices produced by ion-implantation were very irregular
in their response. This observation was attributed to irregularity in the depletion width for
the implanted samples, and very uniform depletion width in the epitaxial material. Next,
the thin film AISb P-I-N structures were characterized for their growth quality and radiation
response. Charged particle spectra were obtained, with better signal to noise separation and

counting statistics than was observed for GaSh.

A series of studies was conducted to investigate the important transport properties

governing detector behavior for semiconductors. First, as part of a comprehensive Hall
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study, the Hall carrier mobility was found to be optimal in undoped AlISb samples. The
resistivity was also maximized when no doping was incorporated. Carrier lifetimes were
examined in the MW-PCD study with the finding that undoped material suffers from very
short recombination times. Samples doped both n- and p-type exhibited very long lifetimes

with multiple exponential decay profiles, perhaps due to mid-gap trapping states.

5.2 Conclusions

While heavy charged particle detection is clearly possible using thin film AlSb,
gamma- and x-ray detection has not been realized. However, there are several options for
improvement in the design of the AISb diode structure. Using a lattice-matched GaSh
substrate would eliminate most of the strain-induced threading dislocations, reducing
leakage currents. Also, growing a thicker AISb layer would widen the depletion region and

allow for larger signals.

The mobility-lifetime product is a well-established figure-of-merit for evaluating
semiconductor radiation detectors, where larger values are ideal. Unfortunately, for AISh
the parameters cannot be optimized congruently; mobility is maximized in undoped

material, whereas lifetime is longest for doped AlSb.

106

www.manaraa.com



5.3 Future Work

To further characterize the drift behavior of the carriers a Modified Haynes-
Shockley experiment [54] could be performed to measure the drift mobility of the electrons
and holes independently. The measurement could be used to validate the high mobility

results seen for undoped AISb in the Hall study.

Also, as the AISb P-1-N diode samples used for radiation response characterization
were grown during a period where the MBE growths were inconsistent, perhaps either due
to chamber issues or technician error, new samples should be grown. Later MBE growths
for the transport studies were highly consistent and produced repeatable results. Diodes
should be produced and spectra should then be re-measured with the higher quality

material.

As mentioned in the previous section, GaSb substrate PIN diodes should also be

fabricated to see if the radiation response can be further improved.
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Appendix A

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

5/Co source incident on 5 microns AISb

AISb 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
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60 400 -5.61 -1 -54
70 300 -5.32 -1 -65
80 500 -19.3 -16

90 200 -0.0013 1 -7
100 0 7

¢ surface cards

1 rpp -11 -11
2 pz 0.000100

3 pz 0.000200

4 pz 0.005200

5 pz 0.005300

6 pz 0.305300

7 rpp -1.1 1.1 -1.11.1
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 Im
1

mp:e 1 1 1

mode p e

phys:p 100 1 0 0 0 O

ml00  13027.04p -0.5
51000.04p -0.5

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

m300  31000.04p -0.5
33074.04p -0.5
m400  31000.04p -0.5
51000.04p -0.5
m500  79197.04p -1.0

$GaSb
$GaAs
$Gold
$AIT

$void

0 0.305584

-0.15 0.31

c - - - Materials - - - = - = - = - - - - - - - - - - - -

ml00  14000.04p -1.
m200  79000.04p -
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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
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

5Co source incident on 50 microns SSB

S1 detector with gold barrier layer
¢ cell cards

15 300 -0.0013 -3 -4 $ Var reduction cell
16 300 -0.0013 -3 -54 $ "

17 300 -0.0013 -3-65 $

18 300 -0.0013 -3-76 $

19 300 -0.0013 317 $

20 200 -19.3 -1 -2 $ Gold

30 100 -2.33 -1 2 $ Si

40 0 3 $ Void

¢ Surface cards
l rcc 000 00 0.0051 0.5
2 pz 0.0001
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3mp -0.60.6 -0.60.6 -0.150.006

4 pz -0.12
Spz -0.09
6 pz -0.06
7 pz -0.03

¢ data cards
nps 10000000
mmp:p 1 2.06m 1.05m 1.05m 0.595m 2.04m 1.15m O

mmp:e 1 1 1 1 1 1 10

mode p e

phys:p 1001 00 0 O

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

m200  79000.04p -1.0 $Au

m300 7000.04p -0.755636 $Air

8000.04p -0.231475
18000.04p -0.012889
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
imesh=0.6 11nts=100
jmesh=0.6 J1nts=100
kmesh=0.006 kints=50
factor=5e18
FT8 GEB 0 0.02 0
e8 0 le-5 10001log 0.4

133Ba source incident on 5 microns AISb

AISb semiconductor detector
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¢ 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 $A1SH

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

c 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

6 pz 0.305300

7T 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

¢ data cards
nps 10000000

mmp:p 1 1.23m0.98m Im 1 1 1111110
1111111110

mp: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
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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 - = = = = = = = = = - = = - - - - - - - -
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 1000ilog 0.4

133B3 source incident on 50 microns SSB

S1 detector with gold barrier layer

¢ cell cards

15 300 -0.0013 -3 -4 $ Var reduction cell
16 300 -0.0013 -3 -5 4 § \
17 300 -0.0013 -3 -65 $
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18 300 -0.0013 -3-76 $ !
19 300 -0.0013 -3 17 $

20 200 -19.3 -1 -2 $ Gold
30 100 -2.33 -102 $ Si
40 0 3 $ Void
¢ Surface cards

Il rcc 000 0O0O0.0051 0.5

2 pz 0.0001

3rmpp -0.60.6 -0.60.6 -0.150.006
4 pz -0.12

Spz -0.09

6 pz -0.06

7Tpz -0.03

c data cards

nps 10000000
mmp: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
c - - - Source
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 - - - = = = = = = = = - - - - - - - - - -
f8:p 30
fmesh4*:p gEOM=XYyZ origin=-0.6 -0.6 -0.15
1imesh=0.6 11nts=100
jmesh=0.6 J1nts=100

kmesh=0.006 kints=50
factor=5¢el8
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FT8 GEB 0 0.02 0
e8 0 le-5 10001log 0.4
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Appendix B

Device Documentation

Current Source Mirror

Rev 1.0, 3-16-2015

Fred Husher

Overview

The current source mirror provides a step down translation of a programmable current
source to provide an output of 1-100nA from a control input of 0.1-10mA. The compliance
voltage can be manually adjusted between 10-100V. A compliance voltage monitor output

provides a buffered 100:1 image of the output compliance voltage.

Circuit Description

The foundation of the current mirror is a Howland current source that is controlled by a
current input to a load resistor. The control input current is flipped by a 1.00 ohm load

resistor to 0.1-10mV. A buffer amplifier then drives the Howland current source, U3. Zero
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offset correction of the overall converter is provided by the R22 trimpot. To avoid the
feedback losses the current source output is buffered by a unity gain amplifier, U4. To
ensure that the leakage paths of the output are minimal, the output is physically floated on
a Teflon standoff post. Triaxial input and output connectors then ensure that the current
signals are guarded. The overall transfer function is lout= lin(R4) or lout = (1in)/100000.

All solder connections are done with Rosen core solder to ensure minimal noise.

The compliance voltage control is performed by a comparing the buffered feedback to the
Howland current source with that of a reference voltage set by the front panel control, R15.
When the compliance voltage is reached a clamp, Q1, is applied to the Howland feedback
signal at the junction of R6 and R7. The clamp gain is set by the U2A feedback such that
the Vs of Q1 occurs when the compliance threshold is reached. Thereafter, Q1 is in its
linear region and it can actively clamp the feedback signal. The compliance voltage can

be monitored through a buffered output signal with a transfer function of 1V = 100V.

The entire current mirror circuit is shielded in an enclosure with a filtered power ground
whose earth ground is established on the inside of the box via a ferrite bead. All power

inputs to the enclosure are passed feed-through capacitors.

The power supply passes the AC through a two cascaded toroid transformers to minimize
any line noise signals and reject magnetic field coupling. Both transformers are identical,
but are wired differently: high to low voltage driving low to high voltage. To reduce the
output voltages a series resistor, R101, drops the AC voltage into T102. The output

windings of T102 provide about 110VAC and 20VAC. These two AC voltages are then
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rectified and regulated to provide the necessary DC voltages for the current mirror: +125V,
+15V, and -5V. The low voltages are half-wave rectified and regulated to develop +15V
and -5V using three-terminal regulators. The high voltage is full-wave rectified to develop
about +140VDC. The regulator circuit is a variant of the Miada HV regulator, see National
Semiconductor Linear Brief #47 for a description of the Miada regulator. The main
difference of this design is that it uses a deletion mode MOSFET, Q1, as the preliminary
regulator. Depletion mode MOSFETSs are normally on and become turned off as Vs is
applied. The control regulator, U1, is unable to handle a high voltage such as this without
some help of a pre-regulator and a ramped control loop. Diodes D1 and D2 ensure that the
regulator can never have more than 25V across its input to output. Thus, as the regulator
IS coming up to regulation the high voltage output occurs through these diodes. As soon
as the voltage gradient across U1 drops below 25V the regulator U1 takes over control. Q1
is then able to perform the pre-regulation once the gradient across U1 drops to near Vgs of
Q1. This all works because the low dropout regulator, U1, can operate (Vin t0 Vout) With
less than the Vs of Q1. This solution is more efficient in regulation than the original
Miada or subsequent designs and provides a lower noise floor than previous designs. When

power is turned off, the HV regulator is safely discharged through D3 and D4 into R4.

Operation

The current source mirror takes about 5-min to fully stabilize.
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Alignment and Circuit Function Verification

Note the test plugs are stored on the power supply PCB. The compliance set plug is a

10.0K resistor while the 10mA I test plug is 4999 ohms (4.99K + 9.000hms).

e HV adjustment

Adjust R11 on the voltage regulator PCB to +125V +-0.1V. The test point is the

200K, 1/2W resistor on the 6-pin connector side of the PCB.

e Current source offset

Load the current source output with a 10.00M resistor. With no signal applied to
the control input the voltage at U4-pin 6 to 0.00V. See the illustration below for

the test point location.

e Current source gain test

Load the current source output with a 10.00M resistor. Install the I~ test plug into
J207 with no signal into the control input. The output voltage seen at U4-pin 6

should be 1.00V. See the illustration below for the test point location.

e Compliance voltage set

Remove all loading to the current source output. Install the In test plug into J207
and the compliance set plug into J202. The voltage measured at U4-pin 6 should
be nominally 10V. See the illustration below for the test point location. Note the

slew rate for the compliance is slow to ensure that the noise floor is minimized.
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Short the compliance set plug with a jumper and the compliance voltage should

rise to nominally 100V.
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