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ABSTRACT

High-purity germanium (HPGe) detector has an excellent energy resolution and low energy detec-
tion threshold ideal for searching rare-event physics such as dark matter and neutrinoless double
beta decay searches. Understanding the electrical contact properties and the Ge detector properties
is key to enhancing the use of Ge detectors for a wide range of applications. Amorphous Ge (a-Ge)
is one of the passivation materials used to passivate Ge detectors, which also provides the barrier
height to the charge injection. Several a-Ge contact Ge detectors were fabricated and tested at
the University of South Dakota (USD) and Max-Planck-Institut (MPI) fiir Physik in Munich in a
different setup. It was also found that a-Ge contacts can survive multiple thermal cycling without

any sign of deterioration in the detector performance when directly immersed in cryogenic liquids.

The Gaussian distribution model developed by Werner and Guttler is used to characterize the
inhomogeneity of the interface made by a-Ge and crystalline Ge. The inhomogeneity leads to
the fluctuation in the barrier height with respect to the temperature. Further work is done on
characterizing the Ge detector at the temperature range ~ 5 - 80 K. It was found that the free
charge carriers in a Ge detector remain constant on average for the temperature range 11 - 80 K,
further lowering the temperature below 11 K, impurities in the Ge start to freeze-out and the
detector behaves like an ideal capacitor at less than ~ 6.4 K. It was also found that the holes
(electrons) in p-type (n-type) Ge are more severely trapped than the electrons (holes) in p-type

(n-type) Ge detector at around liquid helium temperature.

Dissertation Advisor

Dongming Mei
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1

Introduction

This chapter gives an overview of the Germanium (Ge) material properties, a historical overview
of contact formation on high-purity germanium (HPGe) detectors, and the working principle of Ge
radiation detectors. Lastly, the applications of Ge-based radiation detectors and our motivation

for exploring Ge detector properties for a wide range of temperatures are discussed.

1.1 Properties of Ge and its applications

Ge is a semiconductor material having an atomic number (Z) 32, and a band gap (0.67 eV at
room temperature). Its density at room temperature is 5.323 gm/cm?. The melting point of Ge
is 938.2 °C. Ge has 5 stable isotopes: "°Ge (20.5%), ?Ge (27.4%), Ge(7.8%), ™“Ge (36.5%) and
Ge (7.8%) [1]. HPGe single crystals of impurity concentration less than 10'° atoms/cm? are
available after the zone-refining [2] and crystal growing process [3-5]. The major p-type impurities
in a Ge are boron (B), aluminum (Al), and gallium (Ga) whereas the major n-type impurities are
nitrogen (N), phosphorous (P), arsenic (As), antimony (Sb), and tin (Sn) [2]. Some promising
features (primarily low band gap, high atomic number, and high refractive index) and relatively
easy availability in the form of an alloy make Ge enticing in solid-state electronics, semiconductors,
fiber optical systems, etc [6]. The enrichment of Ge isotopes provide a unique opportunity to study

rare event physics. "®Ge is present in the isotopic abundance of ~ 7.8%, which is a candidate isotope



for much-sought neutrinoless double beta (0v33) decays. With "Ge-enriched Ge, it is possible to

enhance the probability and increase the sensitivity of "®Ge-based 0v33 decay searches.

1.2 The Fermi Level and Energy Band Gap of Ge

Elementary particles in the standard model (SM) are primarily of two kinds: Fermions and Bosons.
Electron, muon, tauon, and their associated neutrinos are in the fermionic group, whereas, quarks,
gluons, photon, Z, W, and Higgs boson are in the bosonic group. Electrons being in a fermionic
group obeys the Pauli exclusion principle which states that no two fermions can occupy the same
quantum states [7]. The occupancy of quantum states is described by the Fermi-Dirac statistics.
The Fermi energy is the maximum kinetic energy that an electron can possess at 0 K. The energy
of the highest filled state corresponding to the energy of electrons at absolute zero temperature is
called the Fermi level. The Fermi energy (u) of Ge lies in the middle of conduction and the valence
band for an intrinsic Ge. For a doped crystal the Fermi level shifts toward the conduction band or
valence band depending on the dopant and other impurities. The Fermi function is a probability
distribution function that depends on the temperature (T), the energy of the electron (E), and the
intrinsic Fermi energy level (Ef). The Fermi function can be used in equilibrium conditions to find

the probability of an electron can occupying the given energy state (E) as;

f= ﬁ (1.1)

e 8T +1

The plot shown in Figure 1.1 shows the probability distribution of electrons at various temper-
atures. At temperatures above absolute zero, there is a finite probability that a certain number
of electrons can occupy states above the Fermi level as shown in Figure 1.1. The Fermi level is
particularly important in understanding the thermal and electrical properties of the material. The

implication of the Fermi function is discussed in later chapters.
An energy band gap is the measure of spacing between the lowest band of the valence band and
the highest point of the conduction band. For semiconductors, there exists a small forbidden gap

between those bands. A forbidden band gap is characterized as the region where no wavelike electron
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FIGURE 1.1: Shown is the Fermi function as a function of electron energy at various temperatures.
0 eV, 0.35 eV, and 0.7 eV denote the valence band, intrinsic Fermi level, and conduction band of
the Ge, respectively.

orbitals exist. If the electrons in the valence band and below the Fermi level get a small amount of
kinetic energy then some of the electrons can move to the conduction band. For temperature other
than absolute zero there is a probability of excitation of electrons from the valence band to the
conduction band due to thermal energy. The number of electrons that can reach the conduction
band depends on the Fermi function and the electron density of states. Since Ge has a small band
gap, conduction is possible at room temperature without supplying external energy. Table 1.1
summarizes the several semiconductor crystal properties at 300 K which provides some unique
properties to crystal semiconductors [8]. Thermal energy at room temperature is sufficient to
excite some electrons from the valence band to the conduction band. As a result, the operation
of Ge as a radiation detector at room temperature is limited by the presence of large thermal
noise. The silicon (Si) crystal has a relatively higher band gap than Ge, which makes it possible
for the Si detector to operate at room temperature. A small band gap has also several advantages.
Importantly, a relatively large number of charge carriers can be generated with the same energy

deposition in the crystal as that of the crystal with a wide band gap. Primarily, the atomic number



Table 1.1: Shown are selected semiconductor crystals that have potential applications for rare-event
searches. The band gaps shown are for 300 K.

Crystal Atomic number (Z) Density (£%) Dielectric constant (¢) Band gap (eV)

cm3
Ge 32 5.32 16.2 0.66
Si 14 2.32 11.7 1.12
InSb 49+51 5.77 16.8 0.17
GaSb 31+51 5.61 15.7 0.726
GaAs 31433 5.32 12.9 1.424
GaP 31415 4.14 11.1 2.26
InAs 49433 5.68 15.15 0.354
InP 49+15 4.81 12.5 1.344

(Z), density, and energy band gap of the semiconductor material determine the choice of a detector
material for a given purpose. However, there may be a trade-off in the choices of semiconductor

material. This will be discussed in later chapters.

1.3 Overview of Contacts Formation on a Ge Detector

Contact formation on the crystal is an important step in the detector fabrication process. For
over 60 years, Ge-based detectors are used for radiation detection. The first use of lithium-drifted
Ge detectors Ge(Li) was in the 1960’s for the y-spectroscopy [9, 10]. There was a limitation on
the net impurity concentration (|Ng4 — Np|) and the size of the crystal that was achievable. The
purpose of Li-drifting was to produce a compensated detector so that the [Ny — Np| of the Ge
detector is nearly zero and the detector could be fully depleted with a small bias voltage. The
typical process for making Li-drifted detectors is as follows. First, Li is coated on one side of the
Ge crystal, and then it is heated to diffuse the Li through the Ge. Li (donors) are then drifted using
the appropriate bias voltage to fill the acceptors in the Ge crystal, canceling the p-type property of
the crystal and giving rise to a nearly net-zero impurity concentration. This type of detector has
several drawbacks. First, cooling down the detector during and following the detector fabrication
is necessary for the operation, and also the storage of the Li-drifted detector at room temperature
alters the compensated region of the detector. Second, the Li-drifting process is a slow process

hence it takes a long time to entirely compensate the Ge crystal. Third, only p-type crystals can be



used since the Li acts as a donor. Li is good for blocking hole injection, however, to block electron
injection another contact material is needed. In addition, the mobility of charge carriers is low and
it increases the probability of charge carrier trapping during the movement of charge carriers to
the electrodes.

The development of HPGe crystals in the 1970's gave new possibilities for detector fabrica-
tion [11]. Further refinement in the crystal growth process came from growing Ge crystals using
Czochralski pullers after the purification of raw materials using the zone refining technique. Cur-
rently, large size (~ 10 inch diameter) Ge single crystals can be grown as low as of |[N4 — Np| of the
order of 109 /em?® [3]. These detectors have a few advantages over the traditional lithium-drifted
detectors. First, both p-type and n-type detectors can be used. Second, it gives flexibility in choos-
ing the contact material for making the contacts. Also, these detectors demonstrate better energy
resolution. There are several ways to make p™ contacts on a Li-diffused Ge detector. The typical

+

process for contact formation is described as follows. nt contacts are formed by Li diffusion and p™

contacts by boron ion implantation. The use of n* contact is to block the hole injection whereas

T contact is to block the electron injection. Some of the drawbacks of these contacts are: These

p
contacts are not stable at room temperatures due to the high diffusion of Li in the Ge detector.
Further, partial charge collection from the transient layer between Li and Ge surface takes place. In
addition, Li-diffusion creates dead layers which are insensitive to charge carriers. Also, the active
volume of the detector is less than the crystal size. Thin n* contacts can also be made using
phosphorus ion implantation [12]. However, the fabrication process is complicated for these types
of contacts and cannot withstand high electric fields. The process for the Li diffusion and boron
ion implantation is described as follows: Initially, dopant material (Li) is coated on the surface of
the crystal. At high temperatures, Li atoms are made to diffuse into the crystal. The diffusion is
from the high-concentration region to the low-concentration region. Boron ion implantation does
not require very high temperatures as in the diffusion process. However, the implantation changes
the physical, chemical, and electrical properties of the target. In ion implantation, an ion beam is

bombarded into the semiconductor substrate, implanting dopants into the material. This process

damages the substrate, thus requiring a post-implantation anneal.
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An alternative way of contact formation is the use of amorphous Ge (a-Ge) which typically
overcomes the drawbacks of traditional contacts. Grigorovici et al. reported the first experimental
study of a-Ge contacts on crystalline Ge in 1964 [13]. England and Hammer investigated the charge
blocking property of a-Ge contacts on silicon and Ge detectors in 1971 [14]. Later in 1977, Hansen
and Hall investigated the bipolar blocking behavior of a-Ge contacts on HPGe detectors [15]. The
results published by Hansen and Hall showed a large variation in leakage current. To overcome
this instability, a-Ge contacts were produced using a radio-frequency (RF) sputtering system by
Luke et al. in 1992 [16]. Advancement in the fabrication process has led to the enhancement of
a-Ge passivated HPGe detectors that can be used in various applications. In addition, there are
several advantages of a-Ge contact over traditional contacts. First, unlike Li-diffusion, there is a
significant reduction of the dead layer on the Ge detector, and the active volume of the detector
increases. Second, a-Ge contacts can block both electrons and holes. Bi-polar blocking behavior of
a-Ge makes the formation of rectifying contacts much easier. Third, a-Ge contacts can be easily
segmented. Segmented detectors are used as position-sensitive detectors. It eliminates the need
of passivation between the contact elements which is required when using traditional contacts as
studied by Luke [16-18] and Amman [19] in 1994 and 2000. Easy segmentation of a-Ge contacts is
also the reason why the use of a-Ge coated Ge detector is favored in X-ray and gamma-ray imaging.
Also, a-Ge coated Ge detectors are suitable for field shaping [20] and proximity electrode signal
readout [21, 22]. Detailed analysis of the process parameters in the fabrication process is discussed
in detail in recent papers by Looker and Amman [23-25]. Large size detectors are preferable
for next-generation experiments searching for rare-event physics. The development of large-size
crystal detectors requires extensive study of a-Ge contacts and Ge detector properties at a wide

temperature range.

1.4 Applications of Ge Detectors

The ability to make a large-size single crystal of Ge [3, 4] adds to the potential applications of
Ge-based detectors. High mobility of charge carriers in Ge and a large production of charge car-

riers during particle energy deposition results in good detection efficiency and excellent energy



resolution for particle detection. This makes the Ge detector superior to the other radiation detec-
tors. Ge detectors have a wide range of applications. Ge detectors are extensively used for ~-ray
spectroscopy [19, 24, 26-28], rare-event physics searches such as Ov3/3 decay [29-31] and dark mat-
ter [32-35], as well as astroparticle physics [36], medical imaging [37], environmental research [38]

and nuclear security [39].
1.4.1 Gamma-ray Spectroscopy

Gamma-ray spectroscopy strives to detect gamma lines with an excellent resolution. For the detec-
tion of the ~-rays of energy higher than the 100 keV, Nal scintillation detectors, and semiconductors
detectors are preferred. The energy resolution of scintillation detectors is ~7% full width half max-
imum (FWHM) [40], CdZnTe detectors is ~1-2% FWHM [41], Ge detectors is ~0.2% FWHM [42]
for the 661.7keV ~ line of 137Cs source. Ge is the preferred semiconductor detector for high-energy
~-ray spectroscopy. Bolometers detector technologies provide better energy resolution than the Ge
detector, however, they cannot fulfill the large detector volume needed for large-scale experiments.
The higher the atomic number of the detector material, the greater the cross-section for v -rays
interaction. A segmented Ge detector provides the position information of the v-ray interaction
which makes it possible to reconstruct the position coordinates of the particle interaction. ~-ray
spectroscopy is also used to investigate the nuclear structure. GRETA (Gamma Ray Energy Track-
ing Array) [43], and AGATA (Advanced GAmma Tracking Array) [44] are some of the experiments
closely working on understanding the exotic behavior of excited nuclear states using a Ge detector

array.
1.4.2 Medical Imaging

The mobility of charge carriers in Ge is relatively higher than other semiconductors allowing fast
count rate capabilities for the x-ray imaging system. A detector capable of differentiating the in-
teraction position is crucial for imaging devices. Some instances where Position-tracking becomes
important are positron emission tomography (PET) and single-photon emission computed tomog-

raphy (SPECT). Ge is also a good material choice to estimate the photon depth of interaction



and to correct the parallax error since the charge collection time is different between the opposite
sides of the double striped detector [20]. It also allows for multi-isotope imaging since the energy
resolution is better and cross-talk is minimum in a double-sided strip Ge detector [45]. Recent
developments in mechanical cooling systems have further enhanced the scope of Ge detectors for

biomedical imaging.
1.4.83 Nuclear Security and Environmental Safety

Ge detectors can be used for non-nuclear proliferation and security applications. These applica-
tions are often based on neutron and gamma-ray detection. The Multisensor Aerial Radiation
Survey (MARS) detector array has been tested on transporting vehicles to screen and monitor
the items [39]. The MARS detector has survived multiple thermal cycles and long-distance trans-
portation. These detectors have been operated at high altitudes, one application is cosmic ray
measurements as a function of the altitude. The high energy resolution of the HPGe detector
makes it applicable for identifying radioactive materials. Other applications are in nuclear safety
and nuclear power plant. A lot of work is ongoing in this field to design an array of detectors since
the large size Ge crystals are limited.

HPGe detectors have applications in monitoring atmospheric radiations. They can also be
used to test the radio purity of the material. For example, the presence of radioactive materials
and radio levels in the air, soil, water, etc can be identified. Ge detector can detect radio-purity
of the materials with concentrations down to 0.1-1 Bq/kg in solids and 0.1 Bq/L in water [46].
Particularly Ge detectors are of interest in this field since they have excellent energy and time

resolution.
1.4.4 Rare-event Searches

A radiation detector with an excellent energy resolution and fine segmentation of contacts is pre-
ferred for rare-event searches. The atomic number and mass number of Ge crystal are ideal for the
search for dark matter interactions. "®Ge isotope undergoes a double beta decay and is a candidate

isotope for Ov3S5 decay. The applications of the Ge detector for rare-event searches are discussed



in Chapter 2.

1.5 Limitations of HPGe detector

The discrimination between the signal and the noise becomes difficult when the Ge detector is
operated at room temperature. Cooling for most experiments is through a continuous supply
of cryogenic liquids, which limits the operation time and the location of the operation. Recent
development in the cryo-cooling system doesn’t limit the cooling by liquids and expands the uses
of Ge detector for space exploration also [47]. Advancements in read-out detector technologies
are necessary to address the shortcoming of spatial resolution, improvement in detector energy
resolution, low threshold detector, etc. Several challenges exist in detector fabrication and its
reproducibility. Like other semiconductor detectors, the performance of the Ge detector degrades
over time from irradiation. Also, HPGe crystals are required for the detector fabrication, which
requires zone refining of raw Ge ingots and single crystal growth of Ge which is time-consuming
and expensive.

Thick contacts, such as Li-diffused contacts absorb the low-energy photons which limits the
detection efficiency of the Ge detector for low-energy photons. Alternative to the thick contacts is
the thin contacts such as a-Ge contacts. a-Ge contacts allow easy pass of low-energy signals and
these contacts can be segmented easily. Entire passivation of the large-size Ge crystal with thin
a-Ge contacts creates challenges for the handling since a small scratch can potentially deteriorate
the performance of the detector. If the Ge detector can be fabricated with a combination of thick
contacts and thin contacts, it increases the detection efficiency for low-energy photons. This work
is focused on further analyzing the a-Ge contact properties at a wide temperature range. The
Ge detector properties are understood very well at milliKelvin (mK) and around liquid nitrogen
(LN3) temperature but little is known around liquid helium (LHe) temperature. In addition to
characterizing the a-Ge contacts, this work is based on characterizing the Ge detector properties
at around LHe temperature using the Ge detectors fabricated from the home-grown crystals at the

University of South Dakota (USD).



2

Rare-event Searches Using Germanium Detector Technologies

The Standard Model (SM) of particle physics is highly successful in explaining particle properties
and is consistent with observations. The SM particles are primarily of two kinds: Fermions and
Bosons. Quarks and leptons are fundamental Fermions in the SM. Bosons in the SM are the force
carriers and mediators of interaction between particles. Despite the overwhelming success of the
SM, there are still a few fundamental questions that may require physics beyond the SM. One is
the origin of the neutrino’s mass. Neutrino oscillation measurements have established that a given
flavor of a lepton neutrino (say muon neutrino) can transform into an electron neutrino (say electron
neutrino). This flavor oscillation demands that the neutrinos have some tiny mass. This observed
behavior also raises the question of whether the neutrino is a Dirac or Majorana particle. Ge
detectors that have been used in Ov3f beta decay searches as in the Large Enriched Germanium
Experiment for Neutrinoless Double beta decay (LEGEND) [48] can help answer some of these
questions. Further, experiments like Super Cryogenic Dark Matter Search (SuperCDMS) [49],
China Dark Matter Experiment (CDEX) [50], Expérience pour DEtecter Les WIMPs En Site
Souterrain (EDELWEISS) [51], and CoGeNT [32] have also used Ge as a target material and
detector in dark matter searches. This chapter will give a brief overview of the use of Ge detector

technology in Ov33 decay and dark matter searches.
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2.1 Neutrino Oscillation and Neutrinoless Double Beta Decay

Neutrinos are fermions that belong to the lepton family in the SM and they interact weakly through
the exchange of W and Z bosons (W+, W™, and Z°). Neutrino and its anti-particle are assigned
separate lepton numbers in the framework of the SM. Properties of neutrinos, especially neutrino
oscillations, that are not directly predicted by the SM, indicate extension of the SM may be neces-
sary. Neutrino oscillation is a flavor-change phenomenon where the neutrino changes its flavor (v,
Yy, Vr) across macroscopic distances. Neutrino oscillations indicate that neutrinos have non-zero
mass and the mass eigenstates of neutrinos may not be the same as neutrino flavor eigenstates.

The Pontecorvo-Maki-Nakawaga-Sakata [PMNS] matrix, U, relates the flavor eigenstate to the
mass eigenstate by [52];

Vo = LiUaili (2.1)

where a ¢ {e, u, 7}, and i € {1, 2,3} denote the flavor eigenstates and mass eigenstates respectively.

The PMNS matrix in term of mixing angle and phases is given as,

c1ac13€"1/? s12¢13€'2/2 s13€™
_ i5 o /2 5\ Jica /2
U = | (—s19c23 — c12523513)€0e' /2 (c1aca3 — 512893513€%0)e™2/2  s93¢13 (2.2)
S I
(512523 — C1ac23513€1)e™®1/2 (19803 — s19C23513€0)e™ /2 co3e13

where ¢;; = cost;; and s;; = sinb;;. 012, 013 and 0o3 are the mixing angles. § is a Dirac, a1, and s
are the Majorana CP-violation phases. Therefore, effective mass depends on seven out of a total of
nine parameters in the neutrino mass matrix. Nuclear matrix elements are model dependent, and
it creates uncertainty for the effective Majorana neutrino mass.

Neutrino oscillation experiments can provide the difference of the square of neutrino masses,
however, the absolute magnitude of the masses is still unknown. This issue arises the case of three
possible scenarios: the normal hierarchy (m; < mga < msg), inverted hierarchy (mg < m; < ma),
and the degenerate case. The discovery of neutrino oscillations hints the physics to beyond the SM.

2vfBB decay process was first described by Maria Goeppert-Mayer in 1935 [53]. In this case,
two neutrons are simultaneously converted into two protons, two electrons, and two anti-neutrinos.

Ettore Majorana in 1937 proposed that neutral fermions could be their own anti-particle [54].
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FIGURE 2.1: Shown is the Feynman diagram of the nuclear decay process. Left: two neutrino
double beta decay; Right: neutrinolesss double beta decay.

Later in 1939, Wendell H. Furry discussed the idea of Ov3/3 decay as a rare exotic nuclear decay
in which an unstable nucleus decay with the emission of two electrons but without the emission
of anti-neutrinos associated with them [55]. Neutrinos are Majorana particles if the neutrinos and
anti-neutrinos cannot be distinguished.

There are two possibilities for double beta decay to occur [56].

4X 55, Y +2¢ + 207 (2.3)

49X =0 Y + 2 (2.4)

The Feynman diagram of two neutrino double beta (2v3(3) decay and Ov35 decay are shown in
Figure 2.1. In Ov3p3 decay, a pair of W™ bosons are created at the first vertex during the conversion
of a neutron to a proton and then these bosons exchange the Majorana neutrino to produce a pair
of electrons. Whereas in 2v53 decay there is no exchange of such a virtual particle, two neutrinos
are also emitted along with 5’s. The sum of energy of two emitted electrons, Q-value, in the Ov3s
decay process of %Ge isotope is 2039.061 keV [57].

There is no gauge symmetry associated with the lepton number so there is no fundamental
reason that the lepton number should be conserved. However, the observation of Ov3fS decay

would also violate the baryon-lepton (B-L) number which is considered the fundamental symmetry
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in the Standard Model. If neutrinos are heavy Majorana fermions [58-61], decay of such Majorana
neutrinos violates the lepton number conservation and it is allowed in the SM of particle physics.
There is a possibility of the creation of slight matter and antimatter mass asymmetry resulting from
the decay of heavy Majorana neutrino in the early universe into leptons and antileptons [62, 63],
this may be explained by the process known as Leptogenesis [64, 65]. By the see-saw model [66—
68], the existence of heavy Majorana neutrinos can also explain why neutrino are not mass-less and
have such a tiny mass. Majorana neutrinos are their own antiparticles, and OvSS decay [69, 70]
becomes possible.

Several large-scale experiments aimed at searching for Ov35 decay. Some of the experiments
currently in the run have a capacity to cover the parameter space of inverted mass ordering as well
as some part of the normal hierarchy region of absolute neutrino mass. The goal of the current Ov 35
decay experiments is also to study the viability for future large-scale experiments which can cover
inverted as well as a normal hierarchy of neutrino masses. The Cryogenic Underground Observatory
for Rare Events (CUORE) [71] and Sudbury Neutrino Observatory (SNO™) [72] studies the decay
of 39Te isotope. KamLAND-Zen 800 [73], The Enriched Xenon Observatory (EXO/nEXO) [74],
Neutrino Experiment with a Xenon TPC (NEXT) [75] uses scintillating noble gas, xenon (Xe),
enriched in 13¢Xe. LEGEND [31, 48] is in operation using "Ge as a source and a detector. There
are several other experiments searching for Ov38 decay using various technologies such as gaseous
tracking detectors, scintillating bolometers, solid time projection chambers, etc.

Detector exposure is defined as the product of the sensitive mass of the detector and time of
operation. Exposure and energy resolution are two main aspects that determine the sensitivity of
the Ov58 decay searches. To date, Xe-based experiments have had greater exposure than Ge-based
experiments, but the energy resolution of Ge detectors is far better. This has made it possible for

Ge-based experiments to put the best limits or be in a competitive stage despite shorter exposure.
2.1.1 Neutrinoless Double Beta Decay Searches Using Ge Detector Technologies

The GERmanium Detector Array (GERDA) [29, 76-79] and the MAJORANA DEMONSTRA-

TOR (MJD) [80-82] experiments searched for the Ov33 decay from “®Ge isotope. Next-generation

13



FIGURE 2.2: Shown is the comparison between a normal and a thin-contact PPC HPGe detector
(not to scale).

experiment LEGEND [31, 48], a merger of GERDA and MJD, has started searching O3 decays
using HPGe detectors dipped in liquid argon (LAr). The liquid argon acts as a coolant, a passive
radioactive background shielding, as well as an active background veto.

The detectors deployed in GERDA were mostly p-type point-contact (PPC) HPGe detectors [83,
84], broad-energy germanium (BEGe) detectors [85, 86], and coaxial germanium detectors [79]. The
detectors that are in use for LEGEND are mostly inverted-coaxial PPC. The point-contact detector
is fully depleted at a relatively low bias voltage than the planar detector. A borehole feature on the
opposite side of the point-contact detector further decreases the bias voltage required to deplete
it fully. Hence, the large-size detectors can be fabricated and tested using the inverted-coaxial
geometry.

The Ge detectors that were used in GERDA and MJD, and are used in LEGEND, most portion
of the HPGe surfaces are fabricated with Li-diffused contact layer. These contacts are typically
1 mm in thickness, and it creates a transition layer underneath the Li-diffused layer of about the
same thickness. Therefore, the active volume of the HPGe detector reduces substantially [83, 87—
90]. To illustrate, consider a small PPC geometry detector of 3 cm x 3 cm in height and diameter.
For this size of PPC detector, the dead-layer and transition-layer created by a Li-diffusion may
take up to 26 % of the volume of the crystal. If a large-size crystal of size 10 ¢cm x 8.4 cm in

height and diameter, respectively, the effect of the dead and transition layer drops to about 9 %.

14



However, it is still a non-negligible fraction taking into account the cost of a "®Ge-enriched PPC.

In a search as rare as Ov(3( decays, it becomes important to shield or veto background events
to increase the sensitivity of the experiment. One of the concerning backgrounds for LEGEND will
be from the decays of 2K (daughter of “2Ar) decays with a Q-value of 3525 keV). High energy
B’s from 2K decay can become backgrounds to 2039 keV 0vj33 decay signal from "®Ge). GERDA
observed the collection of 2K ions in the detector electrodes. A number of solutions have been
proposed to mitigate this effect, notably, the use of nylon shroud [91] or an underground argon
(that is expected to be largely devoid of 42K) [92] veto. Another idea discussed to mitigate the
backgrounds from the decays of 4?K is an artificial enlargement of the Li-diffused layer but that
would trade the active volume of the detector.

One alternative could be the use of thin contacts as shown in Figure 2.2. There are already
commercial PPC detectors available in the market with their end surfaces made of thin contacts
that are sensitive to «, 3, and low-energy X-rays [93]. If the entire lithium-diffused contact is
replaced by a thin contact, the sensitive volume of a large PPC can be enlarged by about 9%.
This could be an exciting prospect for a ton-scale experiment like LEGEND. Since the thin contact
can be penetrated by «, 8, and v particles, the use of low radioactivity underground argon [94],
selection of radio-pure materials close to the detector, mitigating surface contamination, and an
active LAr veto may be necessary to reach the desired physics goals.

Thin contacts can be easily segmented. Typically, signals from a surface segment have worse
energy resolution than those from the point-contact due to the larger capacitance of the segment.
However, they can be used to precisely reconstruct the event time, especially that of events that
occur close to the surface. Combining the time information from segments and the energy informa-
tion from the point-contact can help identify surface events which can allow additional suppression
of backgrounds. However, an increase in the number of contacts may necessitate more readout
cables and front-end electronics, which may increase the backgrounds. There may be a trade-off in
maximum segmentation achievable without compromising on the background budget. Optimized
segmentation can be achieved after the detailed Monte Carlo studies. A simple scheme for a PPC

detector would be a segment for its side surface and another for the end surface opposite to the
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point-contact side.

Typically thin contacts are designed by sputtering Ge or Si on bare HPGe crystals followed by
the deposition of a thin layer of Al to form electrodes [16-19]. a-Ge/a-Si can block the injection
of electrons and holes from contacts to the bulk of a detector, while still allowing charge carriers
from the bulk to be collected on contacts [15]. The amorphous material acts as a passivation
layer where it is not covered by Al electrodes. This technique has been well developed over the
last two decades and was used to produce large planar strip HPGe detectors by Mark Amman at
the Lawrence Berkeley National Laboratory (LBNL) [24] to detect soft y-rays (0.2-5 MeV) in the
Compton Spectrometer and Imager (COSI) [95, 96] experiment. The thin contact properties have
been understood very well, they have survived even in harsh operating environments including a

crash-landing of a COSI balloon [96].

2.2 Dark Matter

Zwicky’s observations [97] of velocity dispersion of nebulae in the Coma cluster of the galaxies
in the early 1930’s revealed the presence of a significant amount of non-luminous matter (dark
matter) in the galaxies. Applying the Virial theorem, Zwicky calculated that the galaxies are much
more massive than that can be accounted for by the mass of ordinary matter alone [98]. Another
strong evidence for the presence of dark matter comes from the rotation velocity curve of a galaxy.
The spectroscopic observations show the luminous matter is mostly concentrated close to the core
of a galaxy. However, the rotational velocity of the molecular clouds is observed to be constant
beyond a few kiloparsecs from the center of the galaxy, well past the visible disk of a galaxy [99].
Gravitational lensing and Cosmic Microwave Background (CMP) power spectrum measurements
also reveal that dark matter is a major contributor to the mass of a galaxy and galaxy clusters [100—
103]. Overall mass-energy content of our universe comprises ~68% of dark energy, ~27% of dark
matter, and ~5% of visible matter.

It is fairly well-established that none of the SM particles are viable candidates for dark matter.
Some popular dark matter candidates that arise in beyond-the-SM theories are axions, sterile

neutrinos, weakly interacting massive particles (WIMPs), and supersymmetric particles [104]. At
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this point, one of the most favored dark matter candidates is WIMPs. WIMPs are often assumed
to be thermally created and assumed to be in thermal equilibrium with SM particles in the early
universe. Based on this assumption it can be shown that following the evolution of the universe,
WIMP relic density corresponds to observed dark matter density provided the WIMP interaction
cross-section is in a weak interaction regime. So, WIMPs interact very weakly with ordinary
matter and may leave detectable signals in our terrestrial detector. Some WIMPs-like particles are
predicted by supersymmetric theories. One such candidate dark matter particle is neutralino. The
WIMP candidates have masses in the range of 1 GeV to 10> GeV and interaction cross-sections
with ordinary matter is 1074° to 10750 cm? [105].

Neutrino exists in three flavors, ie. electron, muon, and tauon. A present-day abundance of SM
neutrinos and their tiny mass suggest SM neutrinos are not viable dark matter candidates. Some
beyond-the-SM models predict the existence of heavier neutrino: sterile neutrino. Sterile neutrino
models have been proposed to explain the mass generation of the SM neutrinos as well as to explain
dark matter [106, 107].

Another motivated candidate for dark matter is the axion. Originally, introduced by Peccei
and Quin in 1977 to resolve the strong charge-parity (CP) problem in quantum chromodynamics
(QCD), axions can also be a viable dark matter candidate if they have a tiny mass (order of eV or

lower) and suitable coupling strength [108-110].
2.2.1 WIMP Detection Principle

Most sought WIMP signal is the signal from WIMP elastically scattering off some target nuclei.
In the Center-of-Momentum (CM) frame, the recoil energy (Er) can be expressed in terms of

scattering angle () in the extreme non-relativistic limit as [111];

(jQ
Ep=_—*1_ 2.5
R 2mpy (2:5)
where ¢ is the momentum transfer, q? is expressed as ¢ = 2u%v%(1 — cos(f)), ¥ is the mean

velocity of the WIMP, and p is the reduced mass of the WIMP-nucleus mass which is given by
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my, = , where my and m, are the mass of the nucleus and WIMP particle respectively.
The differential event rate for nuclear recoils from WIMP interactions (usually expressed in

counts/(kg.day.keV)) is given by;

dR 00 JOO do
— = — (v, & 2.
dER  mpymy vf(v)dER(v, r)dv (2:6)

Umin

where pg is the local WIMP density, d%—"}?(v, ER) is the differential cross-section for WIMP-nucleus
elastic scattering, f(v) is the normalized WIMP velocity distribution in the detector frame, pg is
the local dark matter density which is ~ 0.3 GeV/cm? on average near to the Earth. The minimum

speed of WIMP that can induce nuclear recoils is denoted by v.,,;, in the above equation and it is

given by, vpmin = A/(myERr)/(2p20?) = %. The upper limit for the velocity of WIMP is the escape
velocity vese, above this limit WIMPs are not gravitationally bound to Milky Way galaxy.
The average ratio of kinetic energy transferred by a WIMP to a target nucleus is directly

proportional to the mass of the target nucleus and is given by

my
Br_ P (2.7)
x :
By (+ 35

If WIMPs have smaller mass, detectable nuclear recoils are even smaller, and low threshold detector
is necessary. The higher the mass of the nucleus larger the nuclear recoil energy, hence the heavy
target material such as Ge is preferred. The nuclear recoil energy (Fr) deposited in a detector
from a WIMP particle masses (1 GeV-100 TeV) is ~1-100 keV [105] which requires a detector with
good energy resolution and low energy threshold. If an electron recoil happens then the mass of
the nucleus (my) can be replaced by the mass of the electron (m.) in Equation 2.7, which requires
an ultra-low energy threshold detector since m, is far less than my.

Integrating the differential event rate over all possible recoil energies gives the total event rate

which is given as;

O Jvescvf(v)da(vE)dv (2.8)
g, mymy R dEp 8 ’

Umin
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where Ep is the smallest Er measurable by the detector called as threshold energy. In general,

do/dER can be separated into spin-independent and spin-dependent parts,

do B ( do N ( do )
dERr dER"sy  dER sp

(2.9)

The cross-section of the WIMP interaction with the nucleus can have two components, ie. spin-
independent, and spin-dependent. Former results from scalar or vector couplings to quarks; later,
from axial-vector couplings to quarks. The spin-independent differential cross-section is directly

proportional to the square of a mass number, ie. (d%?) SIOCAQ, whereas the spin-dependent dif-

ferential cross-section scales with the spin of the nucleus, ie. (d%—"R) sp®/ (J + 1), where J is the

nuclear angular momentum [112]. A detector material with heavy nuclei is preferred for the direct
detection of the WIMPs since the spin-independent (scalar) component in Equation 2.9 dominates
for heavy target nuclei (A > 20). Hence, Si, Ge, argon (Ar), Xe are the most preferred target
materials in WIMPs searches.

The spin-independent interaction limit set by various large-scale experiments using various
detector technologies are shown in Figure 2.3.

Experiments usually are sensitive to WIMPs in the mass range of a few GeV/c? to 100 GeV/c2.
Current Ge detector technologies used by SuperCDMS and EDELWEISS are capable of differen-
tiating between electronic and nuclear recoil when operated in ionization and phonon signal mode
simultaneously. They have the capability of detecting the WIMP mass of the order of ten’s of
GeV/c?. Tt becomes difficult to differentiate between electronic and nuclear recoil when the mass of
the dark matter candidates becomes less than the sub-GeV scale. The detection of MeV scale dark
matter requires the improvement of the existing detector technologies. Recent results published
from XenonlT claim that they have reached the detection limit in the range of 1 - 7 eV [115]. In
addition, the results published by The Cryogenic Rare Event Search with Superconducting Ther-
mometers (CRESST) based on characterization of 2.66 gm of LiaMoOy4 target crystal have shown
that ~ 1eV detector threshold can be achieved [116]. Mei. et al, have proposed the idea of using

a Ge detector in an internal charge amplification mode [35]. The charge carriers can be created in
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FIGURE 2.3: Shown is the spin-independent interaction limit as a function of WIMP mass set by
various experiments. The black line represents the 90 % confidence limit, green and yellow bands
represent the 1 o and 2 o sensitivity bands respectively for the LUX-ZEPLIN (LZ) experiment.
The figure is taken from [113].

FIGURE 2.4: Left: shown are the detector materials used or under consideration for detecting
sub-GeV dark matter. A solid line represents that the detector is currently in use for that mass
sensitivity range. A long-dashed line represent the detector shown under consideration for the near
term and a short-dashed line under consideration for the long term. The mass-sensitivity range is
shown on the horizontal axis [114]; Right: shown is the relative event rate as a function of recoil
energy for light dark matter searches [35].
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a Ge crystal by ionization and excitation of impurity atoms. The shallow impurities of the order
of 0.01 eV exist in an HPGe crystal. Charge carriers or phonons having an energy of more than
0.01 eV can excite and ionize the impurity atoms to create charge carriers from the donor (n-type
impurity) or acceptor (p-type impurity) level of the atoms. The charge carriers gain high kinetic
energy larger than the band gap of Ge while drifting through the application of the electric field.
Hence cascade of charge carriers can be created. This mode of application may have the capability
to reach as low as 0.1 eV threshold and differentiate between electronic and nuclear recoil in the
range of sub-eV - 100 eV. Based on this model the relative event rate as a function of the nuclear

and electronic recoil energy is shown in Figure 2.4.
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3

Germanium Detector Fabrication with Amorphous Germanium
Contacts

This chapter will give a brief overview of the zone refining, crystal growth, crystal characterization,
and detector fabrication carried out at USD. Contact geometry changes the overall characteristics of
the detector. There is a discussion on various contact geometries implemented in HPGe detectors
in large-scale Ge-based experiments. Also, the key issues that arise in the detector fabrication
process are discussed. a-Ge/a-Si contacts are the best alternatives for Li-diffused contacts. They
can withhold a large enough electric field. However, the main drawback is that the leakage current
of these contacts is higher than that of the Li-diffused contacts. The p* contacts formed by Boron
ion implantation and n™ contacts made with Li diffusion have a high concentration of holes and
electrons respectively, therefore if used appropriately (p™ and n* contacts for blocking electrons and
holes respectively) the injection of charge carriers can be minimized. Though the leakage current
is relatively higher than using doped contacts, a-Ge contacts possess several advantages over those

contacts for searching rare-events.

3.1 HPGe Single Crystal

Raw Ge materials are zone refined and then grown into a single crystal. The wafers are characterized

using the Hall effect measurement system for further processing of the crystal.
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3.1.1 Zone Refining

Zone refinement is used to segregate the impurities. It is widely used in refining impurities in Ge
and Si. It is a prerequisite process for single crystal growth to lower the impurity concentration, in
this case, of the germanium ingots. Zone refining works on the principle of fractional crystallization.
The difference in solubility of the impurities in the solid and liquid phases in Ge makes it possible

to segregate the impurities. The segregation coefficient (K) of impurities in Ge is defined as

Ci,50lid

Ko = (3.1)

CZ’,Liqm’d

where, C; so1iq and C; 1iquid are concentrations of impure atoms in solid and liquid phases respec-
tively. If the segregation coefficient is less than 1, impure atoms are mostly in the molten phase.
The impurities that have a segregation coefficient close to 1 distribute uniformly throughout the
ingot while the impurities with a segregation coeflicient greater than 1 remain mostly in the solid
phase during crystallization. When the hot inductive coil repeatedly moves over the Ge ingot,
impurities accumulate at the two ends of the ingot according to their segregation coefficient with
Ge. This process is repeated multiple times along one direction of the ingot. After several passes,
the middle portion of the Ge ingot becomes pure (low-impurity concentration) than the head and
tail part. The main impurities found in the Ge ingots are Al, boron, gallium, and phosphorus in

our lab.
3.1.2 Crystal Growth

Zone refining usually brings the impurity level down to 10''em™3 [2]. The next step is to grow
a large size HPGe crystal using the poly-crystalline Ge ingots obtained after the zone refining
process. During the crystal growth, atoms are aligned in a crystalline structure. Czochralski
method [3, 4] is one of the best techniques to grow a large size single crystal. The Ge crystal
grown using the Czochralski process is shown in Figure 3.1. RF power supply is connected to the
graphite boat which transfers heat to the quartz crucible and Ge starts to melt down. After the

Ge melts, the seed is lowered to touch the molten part. The crystal growth is carried out in an
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FIGURE 3.1: Left: shown is the schematic of the zone-refining process. Heater, molten zone, and
impurities move from left to right through the solid charge during the zone refining process. The
segregation of impurities occurs in the molten zone; Right: single crystal growth of Ge by the
Czochralski process (taken from Hao Mei’s thesis).

atmosphere of hydrogen (Hz) to minimize the Si oxide formation from the quartz crucible which
might create trapping centers in a Ge crystal. USD lab can grow crystals with diameters in the
range of 3.5 - 12.7 cm [5]. Growing a large crystal boule allows us to understand the impurity
concentration profile of the crystal along the radial as well as the axial direction. The pulling
rate and temperature profile of the crystal determine the diameter of the crystal. Detector-grade
crystal requires uniform distribution of dislocations in the range of 300 - 10,000 /cm?. Large
thermal conductivity, convective heat transfer coefficient, and lower viscosity of hydrogen gas make
it difficult in controlling the thermal field and creates a challenge for growing crystal within the

desired dislocation density. Controlled doping of impurities in semiconductors can be done to

characterize the electrical properties of the semiconductors.
3.1.3  Crystal Characterization

It is important to check the impurity and dislocation density of the crystal after the crystals are

grown to find out if the crystals can be processed for the fabrication of the detector or if it needs
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to be grown again. Four-point resistance measurement is a common technique to find the impurity
concentration of the Ge crystal. An impurity concentration of the crystal determines what size of
the detector can be fabricated. Though, the geometry of the contacts is also crucial in determining
the size of the crystal to be processed for the detector fabrication. Higher impurity concentration
leads to the scattering of charge carriers. The impurity concentration of the crystal is lower than
in zone refined materials if there is no additional contamination during the crystal growth process.

To make a successful detector it has to go through different steps, which is time-consuming
and expensive. The Hall effect measurement is an efficient method to do the initial test of the
crystal sample. For Hall effect measurements, the following processes are desirable. First, the
wafers of small thickness (~0.2 cm) are cut using a diamond wire saw from the shoulder, and tail
of the grown crystal. Usually, the detector grade crystal is found in the middle portion of the
crystal. The shoulder and tail position gives the idea to make another cut to find out the HPGe
crystal. Second, the wafer is cut into small samples of size ~ 1 cmx 1 cmx 0.2 c¢m in length,
breadth, and height, respectively. Third, the samples are lapped and polished using sandpaper and
powders and then etched in a hydrofluoric and nitric acid solution (1:4) for a few minutes. Fourth,
the electrical contacts using Gallium Indium eutectic are made on the four corners of the already
etched samples. Four pins are connected to the contacts made on the sample and the sample is
cooled down to 77 K using liquid nitrogen to test the physical and electrical parameters such as
impurity concentration, resistivity, mobility of charges, etc. The resistivity of the semiconductor
material is a strong indicator of how it resists the electrical current. It depends on the mobility of

charge carriers, hence on the temperature. The resistivity of the material is defined as;

1
= nq(pe + pin) 32

where n is the free electron or hole charge carrier concentrations depending on the type of impurity
crystal, ¢ is the electronic charge, e and up are the mobility of holes and electrons respectively.
The type of the crystal is identified by the sign of net impurity concentration, electrons carry

a negative sign and it refers to an n-type crystal whereas positive sign refers to the majority of
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impurities being p-type. It is important to know the type of impurity crystal for the fabrication
and characterization of the detector. Its implication is discussed in later chapters.

Dislocation density is the measure of the number of etching pits per cm?. The lapped and pol-
ished samples are further cleaned using the etchant (CH3COOH:HNO3:HF (11:10:5) with 30 mg
Iodine(Iz) dissolved). Then the high-resolution optical microscope is used to observe the etching
pits. The desired dislocation density is in the range of 300-10000 /cm? [15] for the detector grade
crystal. If the dislocation density falls above that range, the charge trapping from the dislocation
itself becomes significant. However, if the dislocation density falls below the range, deep impuri-
ties such as divacancy-hydrogen complex (VoH) increase as they can take the interstitial position
between Ge atoms. These deep traps can have a capture cross-sections above 10713 /cm? [46], in

which case, the detection efficiency and the energy resolution of the detector is compromised.

3.2 Ge Detector Fabrication and Challenges

Ge is brittle in nature. A diamond saw is used to cut the crystal boule and give the crystal desired
geometry. Grinding the Ge crystal is preferable to cutting to avoid cracks or chips. Typically, the
grinding speed is less than 2 mm per minute. Handling the crystal sample well is necessary for
detector fabrication. a-Ge contacts are likely to fail the electrical test even in the case of a small
scratch during detector fabrication and loading. To design a proper detector crystal, the Ge crystal
has to be processed carefully. The steps involved in the process are described in greater detail

below.
8.2.1 Mechanical Processing

The detector-grade Ge crystal grown from Czochralski pullers in the Ho atmosphere is diced into
about 2 x 2 x 1 cm?® cuboid with diamond wire saws and grinding blades. Each cuboid is further
grounded into a top hat shape, as shown in Figure 3.3. The brims are used to handle the crystals
so that their sensitive surfaces remain untouched during fabrication and operation. The geometry
of the crystal sample can be rectangular or square. Developing square-shaped geometry makes the

handling of the detector easier during detector fabrication. Before starting to cut and grind the
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crystal boule, it is necessary to glue the graphite plate on the stainless steel and then the crystal on
top of the graphite plate using sticky wax. It should be emphasized that overheating of Ge crystal
should be avoided when gluing in the graphite or taking it out after finishing the cutting. Cold
water has to be supplied continuously to avoid excessive heating during the cutting and grinding
of the crystal. The stainless steel is placed into the vacuum chuck and aligned perfectly with the
diamond saw. The setup for cutting the crystal is shown in 3.2. First, a 0.5 mm width diamond
blade is used to get a cuboidal shape, and then a 2 mm width blade to make wings and grooves.
Following the cutting process, the wax that initially glues the crystal on the top of the graphite
plate is removed. Since the wax is acid-resistant, it is desirable to clean the entire surface of the
crystal using trichloroethylene (TCE). If the wax attached to the top and bottom surface is not
removed, it creates a problem with the lapping of the crystal. Small remnants of the wax can also
be lapped away during the lapping of the crystal for the top and bottom surfaces. Since the grooves
are not accessible for lapping, they require special attention. Each crystal should be chemically
etched before the contact formation, hence the acid-resistant wax should be completely removed.
Cutting and grinding of the crystal create blade marks. It is also possible to have small cracks
or chipping along the edge of the crystal. Mechanical lapping of crystal helps to remove those
defects. Lapping can be coarse and fine lapping. Coarse lapping can quickly remove the chips and
scratches from the top and bottom surfaces of the crystal. If both surfaces are smooth and flat
without any visible chips and scratches, coarse lapping may not be necessary, and only fine lapping
is required. The top and bottom surfaces of the crystals are lapped using micro-abrasives Si carbide
(SiC) and Al oxide (AlyO3) with 17.5 and 9.5-micron grids, respectively, to remove visible scratches
from cutting. A slurry can be made of each of these powders mixed with de-ionized (DI) water.
Gentle downward pressure is applied on coarse lapping with the movement of the crystal directed
in figure eight or the circular motion. The downward pressure is not needed for the fine lapping so
a scratch-free surface can be obtained easily. The same process can be repeated to completely lap
away any chips at the edges of the crystal. A uniform texture on both top and bottom surfaces are
desirable. It is also necessary to make the top and bottom surfaces parallel. Blade marks left on

the sides of the crystal are difficult to lap due to the presence of wings and grooves. However, if
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FIGURE 3.2: Shown is the setup for cutting and grinding the crystal to turn it into the desired
geometry.

chips are present, they should be removed with gentle lapping on the edge of the glass plate in the
vertical direction. Then the crystal is rinsed thoroughly with DI water and dried with dry nitrogen

gas.
8.2.2  Chemical Processing

The purpose of etching the already lapped crystal is to obtain smooth and clean surface. Micro-
scratches and defects not visible with the naked eye during lapping become visible if there are any
after the chemical etching process. If minor scratches still remain after the chemical etching, it is
desirable to do fine lapping again. Lapped crystal pieces are submerged in a mixture of HF and
HNOj acids in a ratio of 1:4 to etch away small surface defects. Safety precautions are important
in handling such types of strong etchants. Personal protective equipment (PPE) is required to
avoid accidental damage, and the entire etching process should be carried out inside the fume
hood. Etching requires two steps. First, a long-term etching, which takes around 3-4 mins and the
second, short-term etching that takes around 30-45 secs. During a long-term etching, the crystal
is submerged directly into the etchant containing Teflon beaker. Then the crystal is agitated
continuously with a rapid circular motion. The crystal must be flipped 1-2 times in between to

ensure the uniform etch on all sides of the crystal. After the etching, the crystal is taken out with
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FIGURE 3.3: Shown is the germanium crystal that has gone through different process. Left: crystal
after mechanical lapping; Middle: crystal after long-term chemical etching; Right: crystal loaded
on the jigs with Al mask after short term chemical etching.

a Teflon tweezer and rinsed with the DI water, and dried with the dry nitrogen gas. If chips or
cracks appear on the crystal then the crystal should be lapped again and the same etching process
needs to be repeated. In the absence of any defects, short-term etching can be done just before the
crystal is loaded into the jigs and the sputtering chamber. During the short-term etching, crystal
wings should be held with tweezers all the time and then submerged into the fresh etchant without
touching any other surface. Quenching in DI water and blowing the water with dry nitrogen gas
are required after each etching process. In addition to avoiding the scratches, cloudy surface also
needs to be avoided to begin thin film deposition. If a cloudy surface is present, etching should be
done again. Typically, cloudy surfaces can be removed by applying a strong etchant for 30 seconds
or so. By the end of the process, the expectation is the crystal has a smooth and shiny mirror-like

surface.
3.2.3 Contact Formation

The formation of contacts on the Ge crystal is an important step in the detector fabrication. a-Ge
contact is used to passivate crystal surface, and in addition, to provide the barrier height for charge
injection. Al contacts are necessary for making electrodes which are needed to provide a bias voltage
to the detector and signal read-out from the detector. a-Ge contacts are high-resistance contacts

while Al contacts are low-resistance contacts. We have adopted the similar recipe developed by the
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FIGURE 3.4: Shown are the equipments used to carry out the contact formation on the high-purity
germanium crystal. Left: Perkin Elmer (2400 model) Sputtering machine at USD used for the a-Ge
and Al deposition; Right: Electron-Beam machine at USD used for the Al deposition on top of
a-Ge contacts.

LBNL [24] with some minor adjustments. The properties of a-Ge differ with changing the process
parameters such as Ho content in the Ho Ar gas mixture, sputter pressure, power, thickness of the

film, etc. [24].
Sputtered a-Ge Contacts

Immediately after short-term etching, the etched crystal is placed on the jigs. Indium foil is attached
on the top of the jigs to avoid scratches when the crystal sits on the jigs. Only the wings of the
crystal is touched to the indium-layered jigs, which remains un-depleted and does not affect the
detector performance. Before loading the etched crystal into the sputtering chamber, the crystal is
surrounded by an Al foil mask to minimize the back-sputtering of a-Ge atoms onto the down side
of the crystal. The sputtering chamber is first vacuumed below 4x 10~¢ Bar and then pressurized
at 14 mTorr with the Ho and Ar gas mixture (7:93). The role of Hy gas is to make high resistivity
a-Ge contacts. The RF sputtering system used for the deposition of a-Ge is Perkin Elmer (model
2400). Typically 100 watt forward power and 0 watt reflected power is maintained and transferred
to the gas mixture. Then the plasma is created ionizing the gas molecules and confined in the
space containing a HPGe crystal. Then, ions are accelerated to the a-Ge target. Neutral atoms are

ejected from the target and get deposited into the Ge crystal. Prior to the deposition on the surfaces
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of the crystal, pre-sputtering was done with the shutter closed position for ~5 minutes to clean
the target. A continuous flow of coolant for the detector stage and the target makes possible an
uninterrupted deposition of a-Ge for ~15 minutes. Without the coolant each deposition is carried
out for ~ 3 minutes with a 10 minutes interval in order to avoid excessive heating of Ge crystal.
After sputtering the top and four sides of the crystal and allowing sufficient time for the crystal to
cool down, the crystal can be taken out and flipped upside down. The same process is repeated for
the bottom surface. The preference is given for sputtering on top and side surfaces first so larger
surface area gets passivated first. After the first deposition, detector sample should be taken out
of the sputtering chamber, flipped upside down and loaded into the chamber. Therefore, for the
other surface there is a chance for additional contamination from the environment. The Alpha-Step
Profiler was used to measure the thickness of the a-Ge layer coated on Ge crystal. In our work,
the thickness of the a-Ge layer at top and bottom surfaces following a 15 minutes deposition was
~600 nm. For the side surfaces, however, there is a difference in height and the angle of sputter
that resulted in a varied thickness: between ~350 nm near the top edge and ~250 nm near the

bottom edge of the crystal.
Aluminum Deposition

At USD, Al deposition is done with an E-Beam machine or a Sputtering machine. The purpose
of Al deposition is to provide a low-resistance contact area to test the electrical properties of the
detector. Differences in the working principle and the contact properties for those methods are

discussed below.
Evaporation Method

After the a-Ge is deposited in a crystal, the crystal is directly moved into the E-beam machine
for the Al deposition. A high vacuum level (less than 4x 1076 torr ) is required for the material
deposition using the evaporation method. The electron beam coming out of the tungsten filament
converges to the crucible containing aluminum and aluminum-melted. The evaporated Al atoms

go to the crystal surface and get deposited. The desired conditions for our E-beam system are
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4.89 kV high voltage, the deposition rate of 0.2-0.4 nm/s, and a thickness of Al layer ~100 nm.
After the top and side surfaces were coated with the Al layer, the crystal is flipped and the coating

process is repeated for the remaining side of the crystal.
Sputtering Method

Al deposition was also carried out in the sputtering chamber with a DC power supply. The process
is similar to that of a-Ge deposition. The main difference is the use of Ar gas instead of Hs and
Ar gas mixture being placed at chamber pressure 3 mTorr. The thickness of ~ 150 nm can be

achieved within 5 minutes of the deposition.
3.2.4 Contact Geometries

The last step in the detector fabrication process is to make contacts on the detector. This requires
the removal of some of the Al-layer from the detector surface to separate the contacts. Acid-
resistant tape is placed gently on the surfaces where the Al needs to be kept intact. This tape has
low adhesion and no residue is left after it is removed. Q-tip is used to press gently and smooth out
the tape on the detector surface to avoid air bubbles. Then the taped protected detector is handled
with the Teflon tweezers and submerged in HF dip (1%) solution for ~3-4 minutes. Agitation helps
to remove the gas bubbles that cling to the exposed surfaces. The detector should be immediately
taken out from the acid solution after the set period of time and then it should be quenched in
DI water for several seconds. Afterward, the detector is thoroughly dried with dry nitrogen gas.
If the size of the detector is large it is better to quench in methanol after quenching in DI water
which helps to dry the detector faster. Incomplete removal of Al from the region other than the
contacts might cause the detector to break down. The a-Ge remains unscathed on all surfaces
of the detector when etching in 1% HF solution. Different contact geometry can be made on the
detector depending on its application. The discussion about the planar, point-contact detector that
was fabricated in our USD lab follows. There exist several other contact geometries such as strip
detector, coaxial detector, ring-contact detector, etc. After contact geometry is made, fabricated

detector is loaded directly into the cryostat for characterization.
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FIGURE 3.5: Shown in the contact formation process for a planar detector geometry. Left: acid
resistant tape placed on top and bottom surface of the detector; Middle: schematic representation
of a Ge detector with a planar structure (not to scale); Right: a planar Ge detector fabricated at
USD.

Planar Geometry

In planar geometry, the Al of the two flat surfaces (top and bottom surfaces) of the detector is
kept intact while the side surface Al is removed. Kepton acid-resistant tape is employed to cover
both the top and bottom surfaces of the detector. The schematic representation is shown in Figure
3.5. This is the simplest form of detector geometry that can be made on a Ge detector. The main
limitation of this geometry is the thickness of the crystal since the full depletion voltage (Vy) is
directly proportional to the square of the crystal thickness for a given net impurity concentration
of the crystal. There are several advantages of using planar geometry. First, the electric field
distribution inside the detector and the mobility of charge carriers can be calculated with high
precision. Second, impurity concentration on a small size planar detector varies a little along
the axial and radial direction. Third, a-Ge coated Ge planar detector is useful in exploring the
charge trapping phenomena since the alpha particles deposit energy within the order of micrometers
thickness.

A guard-ring structure can be made on a planar geometry detector. The main purpose of a
guard-ring detector is to separate the bulk leakage current (BLC) from the surface leakage current
(SLC). The schematic representation of the guard-ring detector is shown in Figure reff: GuardRingDetector.
In addition to removing the Al-layer from the side surfaces, a ring of Al is etched away from the top

surface surrounding the central contact. The V; does not alter when adding a guard-ring structure.
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FIGURE 3.6: Shown is the guard-ring structure formed on a planar geometry detector. Left: acid
resistant tape placed on top and bottom surfaces of the detector, Middle: schematic representation
of a Ge detector with a guard-ring structure (not to scale); Right: a guard-ring Ge detector
fabricated at USD.

In addition, the magnitude of the electric field also remains the same. However, the low capaci-
tance of the detector can be achieved since the contact area gets smaller after adding a guard-ring
structure. This structure allows us to study the various properties including barrier height, and

inhomogeneity of the contacts.
Point-contact Geometry

For a point-contact detector, a ring of Al surrounding the point-contact is etched away from the top
surface. The schematic of the point-contact detector is shown in Figure 3.7. One of the techniques

* contacts and boron

of fabricating the point-contact detector is making Li-diffused contacts as n
ion-implanted contacts as p* contacts. This process requires extensive effort and is costly. Also, Li-
diffused contacts create ~1 mm dead layer and ~1 mm transient layer, which reduces significantly
the active volume of the detector. However, the Li-diffused detector is easier to handle during the
crystal processing, since the outside diffused layer acts as a dead layer. Alternatively, we made a few
point contact detectors entirely passivating the crystal using a-Ge on all surfaces of a HPGe detector
and depositing Al on top of that. One of the challenges in making such a detector is in handling since
the a-Ge contacts are not robust as Li diffused contacts. The main advantage of the point-contact
detector is its discrimination ability for single-site and multi-site events. The capacitance of the

point-contact detector is relatively less than the planar geometry detectors since the capacitance

of former depends on the contact area only whereas the later also depends on the thickness of
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FIGURE 3.7: Shown is the contact formation process for a point-contact detector. Left: acid
resistant tape placed on bottom and side surfaces, and xylene and piscine mixture to make a point
contact; Middle: schematic representation of a point-contact detector (not to scale); Right: a p-
type point contact Ge detector fabricated at USD.

the detector, hence providing better energy resolution. In addition, it also can detect low-energy
radiations allowing the detection threshold to be low (in a sub-keV range). The bias voltage required
to fully deplete the detector is comparatively less than the planar detector geometry of the same
thickness, hence providing room for large-size detectors. Point-contact detectors fabricated using
a-Ge contacts could be a potential detector for rare-event searches [117]. This geometry are in use
extensively in Ovff decay searches [29-31], low-energy nuclear recoils [118], and coherent elastic

neutrino-nucleus scattering (CEvNS) [119].
Inverted-Coazial Geometry

The inverted-coaxial detector has a borehole on the opposite face of the point contact. This
geometry allows the detector to be fully depleted at a relatively low bias voltage than a planar and
point contact geometry. A large-size detector can be fabricated and operated at a reasonable bias
voltage using this geometry. This detector geometry was used by GERDA [29] and currently in use
in LEGEND [48] experiment. Segmented Inverted-coaxial GerMAnium (SIGMA) project also uses

inverted-coaxial Ge detector for the ~y-spectroscopy [120].

3.3 Conclusions

High-purity crystals can be depleted at lower bias voltage. Therefore, detectors made from high-
purity crystals are preferred in the rare event searches. However, one draw back of using such

high-purity crystals is that the electric field is lower than in less impure crystals. Using the Ge
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FIGURE 3.8: Left: comparison between a normal and a thin-contact PPC germanium detector (not
to scale); Right: inverted-coaxial germanium detector (not to scale).

crystal grown at USD, several detectors were fabricated. The main objectives of fabricating the
detector with the crystals grown in our lab are a) To find out the quality of the crystal and hence
to provide the feedback to our crystal growth group, b) To compare the impurity concentration
measured from the C-V characteristics to that of the Hall effect measurements and c) To efficiently
and economically explore the detector properties.

There are some drawbacks of using Hall-effect based measurements to do the impurity con-
centration test. This method relies on the resistance of the charge impurities. First, only the
measurements of resistance close to the contact surface is possible. Second, the procedure is in-
fluenced by the aspect ratio and the Vander Pauw geometry of the sample [121]. Contacts size
are not even in the absence of proper mask. As a result, there are large uncertainties. Evaluating
Capacitance-Voltage (C-V) characteristics is an effective way to find out the physical parameters
of the crystal and the uncertainties associated with the Hall effect measurement are avoided.

Cosmic-ray activation of Ge crystal limits the performance in searching for rare events. Oper-
ations of Ge crystal such as growing the Ge single crystal, fabrication of the detector, and storage
for a long time might result in the production of radioactive isotopes. These isotopes with long
half-lives might impact on the background for rare-event searches. Hence, it is desired to explore
the possibility of growing a Ge single crystal and Ge detector fabrication in underground labs.

Detector fabrication needs a lot of effort and patience. HPGe crystal is only the initial require-

ment for detector fabrication. There are a lot of factors that can affect the detector performance.
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First, mechanical lapping of the crystal; second, chemical etching of the crystal; third, detector han-
dling; fourth, process parameters; fifth, dislocation density, etc. For a detector with a-Ge contacts,
it is recommended to have four-wings geometry of the crystal for the easy handling of the crystal
during fabrication and characterization. One should be careful to avoid the back-sputtering of a-Ge
atoms onto the rear-facing surface of the crystal. When a crystal is loaded into the sputtering jigs,

Al mask should be placed close enough to the wings of the crystal.
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4

Characterization of Germanium Detector in Cryogenic Liquids

Electrical characterization (Current-Voltage (I-V) and C-V characteristics) and energy spectroscopy
measurements can help test a detector’s performance. Stability of contacts is particularly desirable
for large size detectors. Typically a detector handling involves various processes including transport,
extended storage of the detector, and multiple thermal cycles during the operation. Long-term
storage at room temperature also results in change in a-Ge contact properties. In this chapter,
a major focus will be the discussion of electrical and spectroscopic measurements carried out for

a-Ge contact Ge detectors at the cryogenic temperatures.

4.1 Detector Characterization in a Vacuum Cryostat at 77 K

4.1.1  Detector Characterization Setup at USD

The Ge detectors fabricated using home-grown crystals at USD were tested in a vacuum cryostat.
The schematic representation of the detector characterization set up at USD is shown in Figure 4.1.
The electrode at the bottom is connected to the indium foil and one at the top electrode to the
gold-plated pogo pin. The current setup at USD allows us to bias the detector through its bottom
contact and signal and leakage current read-out from the top contact. After the detector was loaded
inside the cryostat, the connection between the high voltage supply and signal cable was tested

using a multimeter. At room temperature, the resistance of the Ge detector is measured to be in
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the range of a few ten’s of €2 to several k). If the connection between the high-voltage cable and the
signal cable shows any resistance value, it signifies the connections to the detector are successful.
The next step is to vacuum the cryostat down to the order of 107¢ Bar before adding liquid
nitrogen in the chicken feeder style dewar. The vacuum cryostat is equipped with a heater and a
temperature sensor which are placed at the bottom of the Al stage. The minimum temperature that
was attained in the vacuum cryostat was ~ 78 K. A LakeShore temperature controller was used
to monitor and control the temperature of the detector. Electrical measurements were carried out
an hour later to provide time for the detector to be in thermal equilibrium with the Al stage. The
leakage current, and the transient signals are recorded from the single top contact. This is possible
since the leakage current is a d.c. signal and it could not pass through the 0.01 uF capacitor before
the charge-sensitive pre-amplifier, but the 1 G} resistor before the ammeter, and the transient
signals, a.c. signals, could not pass the resistor, but the capacitor. Transient signals were amplified

by the charge-sensitive pre-amplifier.
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4.1.2  Electrical Characterization
1I-V Characteristics

It is desirable to have a low leakage current for the radiation detectors so energy resolution of the
detector is not compromised. Leakage current generates shot noise and affects the energy resolution
of the detector. Since the Ge has a relatively small band gap (0.67 eV at room temperature), it
needs to be cooled down to less than 140 K to minimize the thermal generation of charge carriers.

The leakage current was measured with the combination of a trans-impedance amplifier and a
multimeter. The precision of the leakage current measurement from our current setup is 0.1 pA.
Since the Ge detector works similar to a capacitor, the leakage current increases initially for several
seconds, then gradually decreases and becomes constant. The leakage current data was taken after
a 2 minutes stabilizing time. A sudden increase of leakage current can damage the pre-amplifier.
As can be seen in Figure 4.1 to measure the leakage current, a pre-amplifier is not needed since
the leakage current is a d.c. signal. Hence, to avoid the possible damage to the pre-amplifier it is
better to do initial I-V characterization without using a pre-amplifier.

The detector with a guard-ring structure allows the characterization of leakage current as: a)
Bulk leakage current (BLC) and b) Surface leakage current (SLC). The fabrication procedure for the
guard-ring detector is described in Chapter 3. The main purpose of guard-ring detector fabrication
for us was to separately study the bulk leakage and surface leakage current, hence, the information
about the contact properties and the surface defects can be extracted. BLC allows us to find the
barrier height of the a-Ge contacts and to understand the inhomogeneity of the contacts. A sample
guard-ring detector, USD-R02, is shown in Figure 4.6 for illustration. The ring of Al etched away
from the top contact allows us to measure the leakage current separately from the two contacts.
The BLC is mostly dominated by the charge injection from the top and the bottom contacts which
is measured from the central contact. The SLC is the current created by the surface defects and
measured from the surface contact. a-Ge has defect states near the Fermi level. Small energy is
sufficient to initiate the conduction of carriers through the hopping mechanism which contributes

to the SLC [122-124]. The SLC measured from the USD-made detectors is more than the BLC on
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FIGURE 4.2: Shown is the electrical characterization plots obtained at 77 K. Left: the plot of
leakage current versus bias voltage for the USD-R03 detector at different temperatures; Right:
relative capacitance as a function of bias voltage for three detectors. All three detectors has
different net impurity concentrations and thickness.

average and also compare to the pioneers in detector fabrication [24], which signifies that there is
still a room for the improvement by making side surfaces smoother. The SLC measured at 79 K,
and BLC measured at 79 K, 90 K and 95 K is shown in Figure 4.2. Leakage current measurements
can help to determine the full depletion voltage (V). As shown in Figure 4.2, the sudden increase
in BLC appears around the Vy, ie. ~ 1400 V. The physics of such phenomena is discussed in
Section 5.3. A step function can be observed clearly at the higher temperature, however, to see such
a step at low temperature, a precise measurement of BLC is necessary. This is primarily because
the leakage current is small at low temperatures and the accuracy of the measuring instrument
limits the measurement. Leakage current may also change over the first few thermal cycles after
fabrication but gradually stabilizes afterward [23]. A thorough study of the leakage currents of
the USD detectors for a wide range of temperatures can be found in References [125, 126]. The
temperature-dependent and bias voltage-dependent properties of leakage current are discussed in

Chapter 5.
C-V Characteristics

C-V characteristics allow us to find out the bias voltage needed to fully deplete the detector.

The process of C-V characterization is described as follows: Cy at various bias voltages (V3) was
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recorded. Increasing the V; applied to the detector, the thickness of the depleted region (d) also
increases. Hence, with the increase of V;, d increases, and Cy goes down. When the detector
is free of free charge carriers, fully depleted, the d and detector thickness (D) becomes equal ie.
d = D. After that the d cannot increase anymore, Cy becomes a constant. The bias voltage
at which the Cy4-V} curve starts to flatten out is known as the full depletion voltage (V) of the
detector. The measurement process for the Cy is described as follows: First, the step voltage pulses
of fixed amplitude (V},) were injected from a pulse generator into the circuit. The voltage change
is converted to charge injection to the detector through the 0.01 uF capacitor in between the pulse
generator and the detector. The charge-sensitive pre-amplifier converts this change of charges to
a voltage pulse (V). An oscilloscope was used to identify the magnitude of a voltage pulse. The
relation ¢ = C'V holds equally well for the Ge detector. For a fixed charge injection, ¢, the V, is
proportional to Cy. Taking advantage of the identical behavior of V,-V} to that of Cy—V} curve,
the V3 can be determined. The Cy4—V;, curve for the three detectors is shown in Figure 4.2. The
circle on each curve denotes the Vy for that particular detector.

The depleted Ge detector can be assumed as a parallel metal plate capacitor. In a parallel
plate capacitor the Cy is anti-proportional to the distance (z) between the plates as shown in
Equation 4.1.

Cy=cA/x, (4.1)

where ¢ is the permittivity of the material between the metal plates.
A variation in Vy for three different planar detectors can be described using the following
Equation 4.2. The net impurity concentration (|[N4 — Np|) of the crystal is directly proportional

to the Vy, and inversely proportional to the square of D of the crystal.
INo — Np| = 2eVy/e/D?, (4.2)

where, N4 and Np are the p and n-type impurity concentrations, respectively, € is the permittivity
of Ge, e is the elementary charge. The |[N4 — Np| calculated using Equation 4.2 can be used to

compare the results obtained from the Hall-effect measurement of the crystal sample. Though there
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may be some error in determining the Vj, this method is more efficient compared to the Hall-effect

measurements. The uncertainty in Hall-effect measurements is discussed in Section 3.3.
Capacitance Measurement

Low-capacitance detector is often preferred since it provides better energy resolution. The method
to determine the absolute capacitance of the detector is described below as an example for one
of the detectors, USD-RL. The V; of this detector is 400 V, a negative bias voltage of 1000 V
was applied to the bottom of the detector to minimize the charge trapping effects. The absolute

capacitance (C) was calculated using Equation 4.3;
C=Q/V (4.3)

where, QQ = Eq/e, E is the energy of the input pulse generated from a pulse generator, e = 2.96 eV
is the average energy required to generate one electron-hole pair in Ge at 77 K, and V is the
amplitude of the output pulse detected through the oscilloscope. The input pulse generated from
the pulse generator is calibrated to the known energy peak of a radioactive source, in this case
using 661.7 keV ~ from '37Cs, placed on top of the detector. The absolute capacitance calculated
for the USD-RL detector using Equation 4.3 is ~ 5.12pF. The relative capacitance obtained from
C-V characteristics was then normalized to get the absolute capacitance value for the lower bias
voltage. The plot of absolute capacitance as a function of the applied bias voltage is shown in
Figure 4.3. The theoretical calculation of absolute capacitance using Equation 4.1 for the same
detector is 4.51 pF. This discrepancy may arise from the uncertainty in the measurement of the
contact area and detector thickness, stray capacitance, etc. The absolute capacitance measured for
all the detectors fabricated at USD is in the range of 0.4 pF to 6 pF depending on the area of the

contacts and thickness of the detector.
4.1.8  Spectroscopy Measurements

The small capacitance of the detector implies a low noise level for the detector and hence better

detection threshold can be achieved. A low detection threshold is desirable especially in dark matter
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and neutrino experiments as it increases the sensitivity and physics reach of those experiments. The
capacitance of the detector is largely related to the contact geometry. Therefore contact geometry
should be optimized keeping in mind the detector can be fully depleted and electric field in all region
of the detector is strong enough. High electric field is required in order to obtain the saturation
velocity for charge carriers. The rate at which the charge carriers drift through the detector depends
on their mobility and the electric field. The magnitude of the electric field determines the charge
carrier drift velocity hence the drift time. At the full depletion voltage, some parts of the detector
may not have enough electric field and may cause charge trapping. To avoid this, the operation
voltage should be much higher than the full depletion voltage. The energy resolution of an HPGe
detector depends mainly on the three factors. It is a convolution of the electronic noise AFE,, the
fluctuation of the number of charge carriers in their creation process AFE,, and a component due

to incomplete charge collection or trapping of charge carriers AFE;:

AE? = AE? + AE2 + AE}. (4.4)
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The pulser signal is injected through a circuit to determine the electronic noise of the setup. The
signal is calibrated using the energy peaks obtained from the radioactive source. The resolution
of the calibrated pulser peak determines the electronic noise AF.. A y-ray or X-rays peak should
be well resolvable than the pulser peak since there are additional contributions AF, and AF;.
Usually, the terms AF,, and AFE; are entangled together with the energy spectrum. AE and AF,
can be obtained from the energy spectrum taken for a given detector. Hence, the convolution of
two components AF,, and AFE; is related to the resolution of detector only excluding the electronic
noise and is given by

AFE} = AE* — AF? (4.5)

where AE? = AE? + AFE?. Radioactive sources either Cs-137, with radioactivity of 5.0 pCi, and
Am-241, with radioactivity of 1.0 nCi were used to conduct the spectroscopy measurements. The
radioactive source was placed outside the cryostat directly facing the top surface of the detector.
The energy spectrum shown in figure 4.4 was taken at 79 K with an applied bias voltage of 1700 V
in a LBNL cryostat. The full depletion voltages for USD-RO08 is 800 V. As discussed earlier, the
signals were read out from the top electrode with a combination of charge-sensitive pre-amplifier
and shaping amplifier. The shaping time was optimized for 2 ps. The pulser signal amplitude
was fixed and it was adjusted far away on the right side of 662 keV peak. The resolution of the
~-ray peak from both sources (Am-241 and Cs-137), AE, was always slightly larger than that of

the pulser peak, AFE, for all the detectors and is shown in Figure 4.4.

4.2 Characterization of a-Ge Contacts Ge Detector Directly Immersed in Cryogenic Liquids

Three mini planar HPGe detectors with a-Ge contacts were used to investigate contact properties
at Max-Planck-Institut (MPI) fiir Physik in Munich. Two of the detectors: USD-RL and USD-R02
were designed at USD, while the detector USD-8-4-15 was designed at LBNL by Mark Amman.
The measurements of leakage currents, Vy, and spectroscopy were carried out in a vacuum cryostat
at USD before immersing them directly in cryogenic liquids. The dimensions and properties of

these detectors are summarized in Table 4.1.
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FIGURE 4.4: Shown are the energy spectra obtained for a USD-RO08 detector. Top and bottom
spectra are obtained from !37Cs and 24! Am source, respectively. Both the sources were placed
outside of the LBNL cryostat. Pulser determines the electronic noise level.

4.2.1 Detector Characterization Setup at MPI

The discussion about the detector characterization setup for vacuum cryostat at USD is already
presented in Section 4.1.1. There are a few variations across different electronic setups which can
be seen in Figure 4.5. The measurement of leakage current in the MPI setup was done using a
Keithley pico-ammeter which has in-built noise cancellation. The sensitivity of the pico-ammeter
is 20 fA. The device allows us to obtain the average value from a certain number of leakage current
measurements. The leakage currents of these detectors in different environments at operating
voltage, 1200 V are summarized in Table 4.1.

Three USD Ge detectors were operated in a liquid argon cryostat (named Gerdalinchen II)
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Table 4.1: Shown is the summary of USD detector properties used for the characterization in MPI
setup.

| Detector | USD-RL | TUSD-8-4-15 | USD-R02 |

=Impurity /cm? | 6.2 x 107 1.7 x 10'° | 2.9 x 1019
Thickness/cm 1.07 0.70 0.65
Top area/cm? | 1.88 x 1.79 | 1.27 x 1.20 | 0.5 x 0.5
*Va/V 400 400 700
<>Ibefore/pA 10 1 11
°ILN, /PA 3-5 <0.2 3|
°ILar/PA 210-234 10 25
<>Iafter/pA 7 @ 13

* AEPSore /keV 1.93 1.28 1.67

* AEPefore [keV 2.55 1.66 2.16
*AEMN? JkeV 5.63 5.64 oF
*AEM™2 [keV 5.92 5.81 o -
‘AE%ﬁ;er /keV 5.44 4.95 5.42
*AEMAT [keV 5.91 5.0 6.01
*AEME /keV 1.10 ®. 2.00
*AEMter eV 1.74 ®. 2.98

® Net impurity concentration calculated using Eq. 4.2.

T Made by Mark Amman at LBNL in 2015.

t Values are for the central contact.

* Vg Depletion voltage.

¢ I: leakage current measured at 1200 V in LNo, LAr, and vacuum before/after the MPI deployment
* AF: energy resolutions of the pulser and the 662 keV ~-ray peak measured at 1200 V in LNg,
LAr and vacuum before/after the MPI deployment.

® No measurement at USD after its deployment at MPI since the detector was left at MPI.

© No measurement since the '37Cs source was temporarily unavailable.

developed by the Germanium-Detector (GeDet) group at MPI [127]. An artistic view of this
cryostat is shown in Figure 4.5. The cryostat was used to operate USD detectors in LNy and LAr.
The top flange of Gerdalinchen II could be opened up for the installation of the detectors. Detector
holders and the central part of the infrared (IR) shield are attached to a vertical stainless steel bar,
which is fixed to the top flange. The assembly is lifted together with the top flange.

For the operation of the USD detectors, a simple PTFE stage was made and mounted to the
lowest position on the vertical bar as shown in Figure 4.6. An indium foil was pressed on top of

the stage using two PTFE bars. A rigid high voltage (HV) cable went through the vertical PTFE
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FIGURE 4.5: Left: technical drawing of the MPI cryostat; Middle: schematics of its internal wiring;
Right: schematics of electronic circuit for the detector characterization.

FIGURE 4.6: Left: detector to be lowered into the MPI cryostat; Right: two different contact
schemes of the guard-ring detector USD-R02 in the MPI cryostat.

bar and was pushed tightly against the indium foil to provide the bias voltage. The detector was
placed on top of the indium foil. A pogo pin connected to the signal cable was pressed lightly on
the top surface of the detector. Three PT100 temperature sensors were mounted along the stainless
steel bar. The lowest sensor was slightly below the bottom of the detector. The middle one was
a few centimeters above the detector. The top one was close to the IR shield. They were used
to monitor the liquid level in the cryostat and temperature of the detector. The internal wiring
scheme is shown in Figure 4.5.

Safe procedures were in place to fill and empty Gerdalinchen II primarily to avoid any frosting

48



12

A Befdre ilsf

|*2nd 3rd

10

Leakage Current [pA]

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1

400 600 800 1000 1200
Bias Voltage[V]
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of the detectors. The Gerdalinchen II cryostat was filled with liquid nitrogen or liquid argon after
vacuuming it down. Cryogenic liquid was pump out of the cryostat and detector was warmed upto
the room temperature using dry nitrogen gas, before performing another thermal cycle or when

taking the detector out from the crysotat.
4.2.2  Detector Operation in Liquid Nitrogen

The first operation of the detectors was carried out in LNo. Measurements were done in the leakage
current and the relative capacitance as functions of bias voltage, and the energy resolution of the
661.7 keV 7-ray peak from a collimated 5 MBq !37Cs source at 1200 V. Figures 4.7, 4.8 and
4.9 show the leakage currents of the three detectors as functions of their bias voltages after each
thermal cycle in LNs. For reference, data taken in the vacuum cryostat at USD before and after
the MPI deployment are plotted in the same figure. Each data point was recorded a few tens of
seconds after a new bias voltage was applied when the reading stabilized.

The leakage current of detector USD-RL measured during the first cooling cycle was 3.5 pA at

1200 V, shown as the last point in the lowest curve in Figure 4.7. Detector was monitored after
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the measurement, a slow steady increase in the leakage current was observed over time. Such a
slow increase of the leakage current was not observed in other detectors in these studies. It might
be due to a gradual development of a small leakage channel on the side surface of the detector.
After about an hour, the leakage current stabilized at 5.1 pA. After that the leakage current was
found to be very stable over five thermal cycles. 5 pA current was observed at 1200 V. The data
sets “before” and “after” represent the measurements before and after the MPI deployment in the
cryostat. Measurement values are slightly higher than those measured in LNy. Higher values in
this case may be attributed to the temperature of the detectors in the vacuum cryostat being a few
degrees higher than the LNy temperature. Leakage current increases with temperature [122, 128].
However, there was no significant change of the leakage current for detector USD-RL measured in
different thermal cycles and environments. All current values were below 10 pA up to 1200 V.

As shown in Figure 4.8, the leakage current of detector USD-8-4-15 was approximately 1 pA
in both environments, except for the data set measured during the first cool down when leakage
current increased rapidly above 1500 V. One possible explanation is that some dust attached itself
to the surface of this detector during the transport of the detector from USD to MPI. The dust
created a surface leakage channel, which was washed or blown off from the surface in the first
cooling cycle; following the removal of the leakage channel, the detector behaved normally.

Only one read-out channel was established in the MPI cryostat. The central and the guard
contacts on the top surface of detector USD-R02 were connected to the channel through a pogo pin
one at a time, while other contact was left floating as shown in Figure 4.6. However, both contacts
were read out at the same time in the vacuum cryostat at USD.

As shown in Figure 4.9, the leakage currents of USD-R02 were mostly below 5 pA for different
contacts, environments and thermal cycles. However, the bulk leakage current measured at USD
after the MPI deployment were higher possibly due to damage to the detector surface during the
shipment; a small scratch was observed on its top surface.

The “capacitance” versus bias voltage curves measured in LNy were almost identical to those
measured in the vacuum. The V; determined in the measurement were the same as those determined

at USD. This was expected, the Vj is determined by the impurity level of the crystal and is not
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FIGURE 4.9: Leakage currents of detector USD-R02 versus its bias voltage in LNy, except for the

data sets marked with “before” and ”after”, which were measured in the vacuum cryostat at USD

before and after the MPI deployment. The bulk leakage currents were measured through the central

contact. The surface leakage currents were measured through the guard contact.
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FIGURE 4.10: Energy spectra of 137Cs taken in LNy. No spectrum was taken with USD-R02 since

the source was temporarily unavailable for the measurement.

expected to change with the environment at a given temperature.

The energy spectra of 37Cs taken with the detectors in LNy are shown in Figure 4.10. The
FWHMSs of the pulse peaks were about 5.6 keV. Due to the presence of significant noise, the
influence of cryogenic liquids on the energy resolution of these detectors couldn’t be studied quanti-
tatively. Nevertheless, the spectra measured in LNy were very similar to those measured in vacuum
shown in Figure 4.14, which proved that these detectors worked as spectroscopic devices in LNj.

There was no effort made to optimize the read-out as it was beyond the scope of this initial
study. Improvements can be made by moving the front-end jFET from the pre-amplifier board to
somewhere inside the cryostat, a few centimeters above the liquid level. This reduces the signal
cable length and helps achieve an optimized operating temperature of the jJFET. This and other

important measures will be taken in the future to reduce the impact of electronic noise.
4.2.8 Detector Operation in Liquid Argon

Similar measurements as discussed above were repeated with the same detectors in LAr using the
same cryostat at the MPI. Figures 4.8, 4.11 and 4.12 show the leakage currents of the three detectors

as functions of their bias voltages after each thermal cycle in LAr. For reference, data sets taken
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at 90 K in the vacuum cryostat at USD before and after the MPI deployment are plotted in the
same figure and are labeled as “before” and “after”, respectively.

Detector USD-RL went through two more thermal cycles in LAr. The leakage currents were
about 20 times higher than those measured in LNo.

One operation was carried out with Detector USD-8-4-15 in LAr. Below 800 V, the leakage
current was < 1 pA. The observed small leakage current can be attributed to higher quality of the
a-Ge surface made at LBNL [23, 24| than at USD [125, 129]. Sharp rise of the leakage current above
800 V was due to damage to the detector when it fell from the PTFE stage during the preparation
of the fifth thermal cycle in LN5. Nonetheless, it still had the best performance compared to the
other two detectors.

USD-R02 was operated twice in LAr, first with the central contact connected to the signal cable,
and next with guard contact connected to the signal cable. The bulk leakage is a few times higher
compared to those in LNy, while surface leakage is 20 times higher. The leakage current of detector

USD-RL in LAr was also about 20 times higher, probably also dominated by surface leakage.
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FI1GURE 4.12: Leakage currents of detector USD-R02 versus its bias voltages in LAr, except for
the ones labeled “before” and “after”, which were measured in the USD vacuum cryostat at 90 K.
The numbers denote the thermal cycles in LAr. Bulk leakage currents were measured through the
central contact, surface ones were through the guard contact.

At USD, the measurements after the MPI deployment were done at about 90 K instead of
78 K, temperature closer to that of LAr. The leakage current of the central contact of USD-R02
(triangle data points connected with green lines) rose sharply after 1,100 V, which might be due
to damage to the detector top surface during the shipment to USD. A small scratch was visible.

The energy spectrum of 137Cs measured with detector USD-RL is shown in Figure 4.13. The
detector was biased at 1200 V in LAr. The energy resolution and the noise level were similar to
those measured in LNs. It hints that, even though the leakage currents in LAr were ~ 20 times
larger than those in LNg, dominant contribution to the noise was from the read-out system than

from the leakage current generated noise.
4.2.4  Characterization in Vacuum Again

The characterization of detectors USD-RL and USD-R02 was done in the vacuum cryostat following
their operations in cryogenic liquids. The detector operation was normal even after deployment in

MPI. The leakage current measurement results in LNy and LAr are shown in Figures 4.7, 4.9, 4.11
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FIGURE 4.13: Energy spectra of 37Cs taken in LAr.

i i i i
100 200 800 900

O

and 4.12 as references. The energy spectrum of 137Cs taken with detector USD-RL (at 1200 V,
78 K in vacuum) is shown in Figure 4.14. There were no further measurements done with the
vacuum cryostat at USD for detector USD-8-4-15. It was left at MPI for future investigations. The
electronic noise of the MPI setup needs to reduce largely for the quantitative analysis based on the

energy resolution of the detector.

4.3 Cross Comparison

4.3.1 Different Detectors in Same Environment

The comparison of the leakage current measurements of the three detectors in LNy and LAr is
shown in Fig. 4.15 and 4.16. USD-RL exhibited the highest leakage current among the detectors in

both environments (LNy and LAr), while USD-8-4-15 exhibited the lowest. The side surface leakage
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FIGURE 4.14: Energy spectra obtained with the LBNL vacuum cryostat and a 37Cs source outside
of the cryostat. Pulser determines the electronic noise level.

currents of USD-R02 were typically higher than its bulk leakage currents through the central contact
around operational voltages in both environments. These results are consistent with the results
from the vacuum system at USD with more sample detectors [125, 129]. Some improvements are
necessary for the detectors at USD, in particular, the quality of the side surface, to match the
performance of the detectors made at LBNL by Mark Amman. Nevertheless, the performance of

USD-8-4-15 in cryogenic liquids (LNg and LAr) is very encouraging.
4.3.2  Same Detector in Different Environments

Figure 4.17 shows the comparison between the bulk leakage currents through the central contact

of USD-R02 measured in various environments (LN2, LAr and Vacuum). Leakage current from the
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side surface was significantly minimized in those measurements. The magnitude of leakage current
increased with an increase in the temperatures. Such temperature dependence is well-documented
in the literature [23, 122, 126, 128, 130-132].

Differences between the LAr and vacuum measurements at similar temperatures may have two
possible explanations. First, LAr may have decreased the charge-carrier blocking capability of the
amorphous germanium contact. Second, it took longer for surface property to stabilize for USD-
R02. A slow decrease of leakage currents over time has also been observed for LBNL detectors as
well [23].

The leakage current measured in vacuum at around 78 K was found to be lower than in LNy
below 800 V. However, it should be emphasized here that those measurements were done with two
different sets of equipments. When precision of the equipments is accounted for, the results are
consistent.

Leakage currents of USD-8-4-15 in various environments are compared with each other in Fig-
ure 4.8. Accounting for the scratch effects that were the results of the accidental fall of the detectors,

they were all < 1 pA below 1200 V. The precision of the experimental setup was not enough to
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FIGURE 4.18: Energy spectra taken with detector USD-8-4-15 in various environments.

tell the subtle difference at that level.

Energy spectra taken with USD-8-4-15 in various environments are plotted again in Figure 4.18
. Pulser peaks are wider in the spectra for LN and LAr system compared to that in vacuum. The
reason behind that is the dominant contribution of the electronic noise from the read-out system in
smearing the y-ray peaks. Large noise prevented a meaningful extraction of the intrinsic resolution
of the detector from these measurements.

A high energy threshold was set for the measurements in LN and LAr to maintain a reasonable
trigger rate. No X-ray lines from the '37Cs source are observed since the detector energy threshold
was set higher than the energies of these X-rays. Otherwise, features in the spectra structures are

very similar to that taken in the vacuum.
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4.4  Detector Characterization at Liquid Helium Temperature

Characterization of HPGe detectors at ~ 77K provides valuable insight into the type of the de-
tector, and notably the net impurity concentration of the detector. Understanding the response of
the charges inside the detector is crucial to applying measures to enhance detector performance.
Currently, large-scale experiments that use the HPGe detector are operated at ~ LNy or mK tem-
perature. Understanding the detector performance at ~ liquid helium (LHe) temperature is also
desirable. Planar Ge detectors having |[Np — Na| (6 x 10%/em? — 7 x 1019/em3) were fabricated
from the crystal grown at USD and characterized at this temperature. Operating Ge detector
at low temperatures has several advantages. The detector has a lower surface and bulk leakage
current compared to that of ~ 77 K. Also, a decrease in capacitance at low temperatures results in
better energy resolution of the detector. Further, the detector is already depleted at around LHe
temperature even without the application of bias voltage hence the complicated geometry of the

contacts can be avoided.
4.4.1 Detector Characterization Setup for Liquid Helium Temperature

Detectors that were characterized at LHe temperature were first tested in LBNL cryostat at LNg
temperature. The information of I-V, C-V, and energy spectroscopy was obtained to confirm that
these detectors can be fully depleted, leakage current is within the reasonable limit, and the detector
works as a radiation detector. The schematic representation of the detector characterization setup is
shown in Figures 4.19 and 4.1. The procedure to load the detector into the Pulse Tube Refrigerator
(PTR) is similar to the one into the vacuum cryostat, which is discussed in detail in previous section.
Only the difference in setup between the vacuum cryostat and PTR is explained here. The PTR is
equipped with a heater that is a little far from the detector stage hence there is a difference in the
actual temperature set and the real temperature of the detector. Set temperature and the actual
temperature of the detector were calibrated using one temperature sensor (Sensor A) close to the
heater and another one (Sensor B) on top of the Ge crystal. The calibration results are shown in

Table 4.2. As can be seen in the table difference in the set temperature and crystal temperature
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FIGURE 4.19: Shown is the experimental setup for detector characterization at LHe temperature.
Left: Enclosed PTR; Middle: detector enclosed with the radiation shield; Right: detector loaded
inside the cryostat and 24! Am source into the PTFE bar.

is minimum when the temperature is ~ 40 K, since the heater is mounted on the 40 K stage,
therefore, control of temperature is better. After that calibration, Sensor B was moved to the
bottom of the detector stage to monitor the temperature of the detector closely. The minimum
temperature reached in a PTR was ~ 5 K using the He gas compressor which compresses the He gas
and LHe flows in and out of the PTR. The heater allows us to warm the temperature of the detector
stage up to ~ 80 K with the continuous flow of LHe in the PTR. Electrical measurements were
carried out one and half hours later to give time for the detector to come in thermal equilibrium
with the copper stage. The electronic setup for the leakage current and signal read-out is similar
to the LBNL cryostat. A major difference is the mechanical noise from the motor head of the
compressor which is high and the distance between the detector to the pre-amplifier is large. As a
result, the electrical noise obtained for this setup is ~ 20 times higher (comparing the lowest noise

achieved in two setups) than the LBNL setup.
4.4.2 I-V Characteristics

Leakage current measurements were carried out for the USD-R02 detector at LHe temperature.

This is discussed in conclusion section of Chapter 5. Since the current setup allows us to measure
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Table 4.2: Shown is the set temperature and actual temperature of the crystal.

Set Temperature (K) ‘ Crystal Temperature (K) ‘ Difference (K) ‘

80 80.89 0.89
60 60.60 0.60
40 40.35 0.35
20 20.36 0.36
15 15.85 0.85
12 12.94 0.94
10 11.02 1.02
8 9.06 1.06
6.5 7.63 1.13
9.5 6.76 1.26
5 6.39 1.39
4 2.73 1.73
3.5 5.46 1.96
2.9 5.24 2.34

the leakage current from only one contact, no quantitative measurements of leakage currents were
done for the other detectors. However, the leakage current was closely monitored for each detector
while taking the energy spectrum. The leakage currents were found lower than the one obtained
for LNy temperature. Based on our prediction from the barrier height and inhomogeneity of the
a-Ge and crystalline Ge interface (Chapter 5), injection leakage current is temperature-dependent
and so largely suppressed (negligible). The observed leakage currents for a detector without a
guard-ring structure hints that the surface leakage current decreases < 50 percent compared to

LNy temperature.
4.4.8 C-V Characteristics

C-V characteristics at ~ 77 K are presented in greater detail in Section 4.1.2. A similar process was
repeated to determine the Vj; at different temperatures. A pulse of known magnitude was injected
through the electronic circuit and the output pulse height was recorded. At first, the detector
was warmed using a heater from the LHe temperature to a set temperature of 80 K. Relative
capacitance as a function of bias voltage was also recorded. As in the previous measurements
carried out in an LBNL cryostat, the USD-R11 detector fully depletes at 500 V, we observed the

same characteristics. Then the temperature of the detector was lowered and set to 60 K, 40 K,
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20 K, 15 K, 12 K, 10 K, 8 K, 6.5 K, 5 K, and 2.1 K (the minimum one). The detector was
given enough time to neutralize after each measurement placing the radioactive source outside of
the PTR. For each temperature, similar C-V characteristics were repeated. The results obtained

from the C-V characteristics are described in detail in Chapter 6.
4.4.4  Energy Spectroscopy

241 Am source was placed on the PTFE bar directly on the top of Ge detector to study the detector
performance. As discussed earlier, electronic noise level was high so quantitative analysis based on
the energy resolution of the detector was not possible. A typical energy spectrum obtained from
the 24! Am source is shown in Figure 4.20. Charge trapping phenomena was studied using an a and

~ sources separately. This is discussed in detail in Chapter 6.

4.5 Conclusion and Outlook

The operation of HPGe detectors with thin a-Ge contacts directly in LNy and LAr has been
demonstrated experimentally for the first time. Three mini planar detectors with such contacts
made at LBNL and USD using USD HPGe crystals, despite long-distance transportation of the
detectors, and multiple thermal cycles in both cryogenic liquids, leakage currents and spectroscopic
performance were reasonable. Best detector performance for the leakage currents recorded < 1 pA
at bias voltages well above the V;. Leakage currents in LAr of the other two detectors were much
higher than those measured in LN, mainly due to the side surface leakage.

There is a significant difference in the geometric configurations of the tested detectors and
PPC detectors used in Ov33 decay experiments. As a result, no direct comparison can be made
between the leakage currents measured here in LAr and those measured with the detectors used
in GERDA [133, 134]. The USD group has fabricated few mini PPC detectors with their entire
surfaces covered by a-Ge [135]. There is a plan to operate the detectors in the MPI setup for
extended time in the future and investigate detector performance so as to verify the feasibility of
such a technique in the detectors used in Ovf3( decay experiments. In addition, recently built PTR

at USD will be crucial to explore the a-Ge contact properties and Ge detector properties at a wide
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FIGURE 4.20: Shown is the energy spectra obtained for a USD-R09-02 detector. Top and bottom
spectra were obtained from ?*!Am source in a LBNL and PTR, respectively. 24'Am source was
placed inside the cryostat on both setups. FWHM of pulser in each setup determines the electronic
noise level of that setup.

temperature range (5 K - 80 K). Also, the USD group has plan to fabricate large-size Ge detectors
using a new Sputtering machine which allows sputtering for larger surface area.

GERDA collaboration has found that the leakage current through the passivated end surfaces
of some of their detectors in LAr increased after long-term operation or irradiation with ~-ray
sources [133, 134]. It is a matter of interest for larger Ge-detector community to monitor the
leakage current through the side surface of a planar detector passivated with a-Ge during long-
term operation in LAr. Such measurements will be done with planar detectors with guard contacts
allowing in an year gap following fabrication so as to allow a-Ge surfaces to stabilize prior to their

operation in LAr.
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To summarize, we demonstrated that thin a-Ge contacts passed some preliminary survivability
tests in LNy and LAr. More dedicated efforts are necessary to verify the feasibility of deploying
such a technique for a physical experiment. Collaborative research among institutions with com-

plementary expertise and resources would accelerate the progress in developing such capabilities.
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5

Charge Barrier Height of Amorphous Germanium Contacts

Detectors having low leakage current are preferred for radiation detection. Leakage current is
temperature and bias voltage dependent for a particular passivation contact. Choice of passivation
layer plays important role in minimizing the leakage current. The ohmic contacts allow charge
carrier injection into the Ge detector, hence non-ohmic contacts are required to differentiate between
the signal and the noise. In addition, to block the charge carrier injection, contacts formed on the
detector should allow the flow of charges from the detector to the contacts. a-Ge is widely used
as a passivating material for the Ge crystal, which acts as a charge blocking contact and does
not inhibit the collection of charges from the Ge detector. a-Ge lacks the long-range crystalline
structure of atoms hence the density of defects is large, whereas, in the crystalline Ge, atoms are
perfectly arranged in a diamond-like structure. However, the band gap of both of the structures
is the same. Defects near the Fermi level referred to as localized energy states near the Fermi
level play a significant role in the electrical conduction through the hopping mechanism. This
chapter focuses on the importance of charge blocking (passivation) contacts on the performance of
a detector. In addition to that, barrier height calculation using two different techniques as well as

inhomogeneity of a-Ge and crystalline Ge heterojunction is discussed.
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5.1 Introduction

Leakage current can be measured as SLC and BLC for a guard-ring detector. An example of a
guard-ring detector and the characterization setup is shown in Chapter 4. Chapter 4 also discusses
the origin of BLC and SLC in a Ge detector. The heterogeneous interface between a-Ge contact and
crystalline Ge creates a barrier for charge injection characterized by charge barrier height (CBH).
a-Ge has the feature of blocking both types of charge injection, ie. electrons or holes. The primary
source of BLC is the injection of charge carriers from a-Ge surface to the bulk of the Ge detector
governed by thermionic emission. Thermal ionization of impurities is also another source of BLC.
Operating the detector at liquid nitrogen temperature reduces the thermal effect by ~ three orders
of magnitude [15] compared to injection from the a-Ge contacts. Therefore, it makes sense to
study the CBH of the interface (a-Ge and crystalline Ge) using the measured BLC as a function
of bias voltage at a wide temperature range. The BLC is measured through the central contact as
shown in Figure 4.1.

Though a Ge detector coated with a-Ge layer needs cryogenic cooling, it still works fine as
a radiation detector below temperature 140 K. This makes it possible to investigate the nature
of CBH formation at the interface. Since charge carriers in a-Ge are created by the thermionic
emission, better understanding of CBH helps in optimizing the process parameters that are used
for making the interface. The inhomogeneity of the interface is characterized using the fluctuation
of CBH with respect to the temperature. A lot of studies have been done by particle physics and
semiconductor community to determine the height of rectifying Schottky contacts as well as for the
CBH using different techniques [132, 136-141]. This work focuses on the I-V characteristics of the

BLC at different temperatures.

5.2  Experimental Methods

Three guard-ring detectors made from p-type Ge crystals that were grown at the USD were used
for the CBH study. All the crystals had uniform surfaces after mechanical lapping, polishing, and

chemical etching. The fabrication process is the same for all the detectors used in this study, hence

67



the uniformity of the a-Ge layer deposition on the detectors is expected. This allows us to study
the inhomogeneity of a-Ge layer deposition during the sputtering process that can influence the
leakage current. The fabrication process for the guard-ring detector is described in Chapter 3. The
detectors used for this study were first tested to find out if the detectors are workable. If contacts are
not well fabricated, the leakage current might suddenly increase inhibiting proper understanding of
the contact properties. That results from the contact failure. In such cases, detector re-fabrication
may be necessary. Therefore, I-V, C-V, and energy spectroscopy measurements were carried out
in a liquid nitrogen cryostat. The procedures for the characterizations are discussed in Chapter 4.

The properties of the detectors used for this study are summarized in Table 5.2.

5.3 Charge Blocking Contacts

Charge blocking contacts (passivation materials) are necessary to minimize the leakage current in a
reverse-biased Ge detector. One of the techniques that are used widely is to make lithium-diffused
(n™) and boron-implanted (p*) contacts to block hole and electron injection, respectively. The
exploration of a-Ge contact is important to overcome the drawbacks of Li-diffused contacts. Bi-
polarity blocking feature of a-Ge sets aside the need for two different contacts to be formed on a Ge
crystal [16]. This study is only related to the a-Ge and crystalline Ge interface. Barrier height and
inhomogeneity of the interface can be calculated using the similar theory for other amorphous and
crystalline interfaces. For a p-type Ge detector, biased positively from the bottom electrode of the
detector, the detector starts to deplete from the bottom. BLC is dominated by hole injection from
the bottom contact. The depletion region increases with the increase of bias voltage and reaches
the top contact after enough bias voltage is applied. After the detector is fully depleted, electron
injection from the top contact also contributes to the BLC. Therefore, near the full depletion
voltage, a step-like feature of BLC appears. If it is negatively biased from the bottom electrode
for the p-type Ge then the depletion starts from the top. In this case, hole injection occurs for
bias voltage less than full depletion voltage and both electron and hole injection after it is fully
depleted. For an n-type detector, the cases are exactly opposite ie. p-type detector positively

biased, and n-type detector negatively biased on the same surface (top or bottom) show similar
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FIGURE 5.1: Left: schematic representation showing the depletion direction, charge injection in

a p-type germanium detector with positive bias voltage applied on the bottom electrode of the

detector; Right: shown is the variation of logarithmic of bulk leakage current density versus the

applied bias voltage for USD-R03 detector at 90 K and 95 K.

charge injection behavior. The schematic representation of injection current behavior is shown in
Figure 5.1. Usually, the energy spectroscopy is taken at a bias voltage a few hundred volts higher
than the V; to avoid the trapping of charge carriers. BLC is the sum of electron and hole injection
in that case. It is important to understand the contact properties for a better understanding of the
leakage current generation and charge collection in a detector. a-Ge contacts made on a Ge crystal
are characterized based on: a) the CBH of a-Ge with respect to crystalline Ge; b) the thermal
stability of the contacts; c¢) the ability to withstand high bias voltage without breakdown; and d)

the surface inhomogeneity.

5.4 I-V-T Characteristics

Amorphous and crystalline materials form a heterojunction. The model developed by Dohler,
Brodsky [122, 130, 131] during the 1970s predicts the leakage current and voltage relationship for
the heterojunctions. Schottky successfully applied this model to a-Ge contacts on HPGe detec-
tors [128]. Based on the model, the leakage current is directly proportional to the bias voltage
and the temperature [132]. The barrier height of a-Ge contact is calculated based on the current-
voltage-temperature (I-V-T) characteristics. The extrapolation of logarithmic current density vs

bias voltage (V' = 3kT'/q) down to zero bias voltage gives the saturation current density. The satu-
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ration current is defined as the current density corresponding to zero bias voltage. The thermionic
emission model was originally proposed for the metal-semiconductor junction and later it was also
applied for the amorphous-semiconductor interface. This model predicts the current density flowing

across the metal-semiconductor interface as;

J = Joo exp(—thop/KT)[1 — exp(=qVa/KT)] f (Va), (5.1)

where f(V,) = exp{([(2¢(Vpi + Va) + N/N;)N /N2 — N/N;)/kT?}, J is the BLC density, the ratio
of BLC to the contact area (area of central contact only), 1oy is the barrier height at zero bias
voltage, k is the Boltzmann constant, T is temperature, V}; is the built-in voltage, V, is the applied
bias voltage, N is the net impurity concentration, Ny is the density of localized energy states near
the Fermi level. Conductivity or resistivity of a-Ge layer can be studied based on Ny.

JoT? equals A*T? in the case of a metal-semiconductor interface. Here, A* is the effective
Richardson constant. Since electric field penetration through the contacts is negligible in an ideal
MS contact, the value of f(V;) is nearly close to 1. It is worth mentioning that J,T? can be substi-
tuted by JoT? [24] for the a-Ge and crystalline Ge junction assuming certain simplistic conditions
for the term Jy. For the simplification of calculation in case of V;, >> Vi;, or kT'/q, or N /qNy

equation 5.1 reduces to

J = JoT? exp(—o./kT) exp[(2¢VaN /N2 KT (5.2)
J = JoT? exp(—to/kT) exp[(NifW?(va — V) £) /KT (5:3)

Equation 5.2 is for a partially-depleted detector contributing BLC either through electron or hole
injection, where At = \/W and Equation 5.3 is valid after the detector is fully depleted
contributing BLC from another type of charge injection, where Ay = (Nif)l/z(Va — Vy)/t; t is the
detector thickness. Therefore, total BLC density for a fully depleted detector is given by the sum of
Equations 5.2 and 5.3. At is the barrier lowering term which is directly proportional to the applied

bias voltage for a given detector and a particular contact. This term varies from one detector to
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another since it also depends on the impurity concentration of the crystal and the density of defect
states near the Fermi level of an a-Ge. It is desirable to keep the barrier lowering term at a
minimum value since it lowers the barrier height of the contacts. A crystal with low |[N4 — Np|,
and a-Ge contacts that have less density of localized energy states near the Fermi level is ideal.
The barrier lowering term is also the indicator of the field penetration that occurs when the bias
voltage is applied. Equations 5.2 and 5.3 hold for any bias voltage, only the barrier lowering term is
affected by changing the bias voltage. Jy, called a pre-factor, is treated as a constant for particular
contact. Jy is left as an open parameter in Equations 5.2 and 5.3 and it is calculated from the
temperature-dependent I-V measurements [24].

The barrier height needs to be treated as constant with respect to temperature to calculate Jy
from equation 5.2 or equation 5.3. However, researchers in the semiconductor field have done a
thorough study of temperature-dependent barrier height for several contact materials and stated
that barrier height is a function of temperature [142-148]. Barrier height fluctuation with temper-
ature indicates there exists a barrier inhomogeneity at the interface, in this case for an a-Ge and
crystalline Ge interface. First, the barrier height and density of defects of localized states near
the Fermi level are calculated assuming the barrier height is constant at two close temperatures
(difference of ~ 5 K). Afterwards, fluctuation in barrier height with respect to temperature as a

result of the inhomogeneity is considered.
5.4.1 Barrier Height Calculation

As discussed earlier and illustrated in Figure 5.1, for a fully depleted p-type detector negatively
(positively) biased from the bottom contact, hole (electron) injection from the top (bottom) contact
takes place. Therefore the 1, Jo, and Ny for holes from the top contact and the same parameters
for electrons from the bottom contact can be determined separately. Following a similar recipe, the
parameters can be analyzed for the n-type detector. Taking natural log of Equations 5.2 and 5.3 it

can be written as;

s ma(V)
kT kT

In(J) = in(Jo) + 2In(T) (5.4)
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FIGURE 5.2: Shown is the plot of logarithmic of BLC density as a function of its bias voltage for a
USD-R03 detector at 90K and 95 K. Left: shown is the plot for V, < Vg; Right: shown is the plot
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_ Yop  moVg  maV,

In(J) = In(Jo) + 2in(T) o T T

respectively, where my = /2¢N /Ny and my = (Nif)l/Q%.

For illustration, an analysis is shown for a p-type detector, USD-R03, having V; 1400 V.
Negative bias was applied from the bottom contact, in which case, the hole injection from the top
contact for V, < Vj, and electron injection from the bottom contact for V, > V; occurs. Hence,
after the detector is fully depleted, V, > V,, both types of charge carriers are injected through the
separate contacts. The BLC was extrapolated to higher bias voltage from I — (Va)l/ 2 plot where
V., <800 V and was subtracted from the total BLC when V, >1400 V. The purpose of this is to
exclude the contribution of hole injection from the top contact while finding out the barrier height
for electrons from the bottom contact. 1y for holes and electrons, N, Jy can be found separately
for the top and bottom contact if the detector is characterized for both polarities of bias voltage.

The process to find out the above-mentioned parameters is described as follows. BLC density
(J) is calculated as BLC per unit contact area. Then natural log of .J is plotted against V/2 for
Vo, < Vg and J against V for V, > V; as shown in the Figure 5.2. The analysis for the V, < V;
and V, > V; was done separately since they carry different information (top and bottom contact

information). Finally, the data were fitted using a linear function. The slope of the fit gives the
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information about Ny in both Equations 5.4 and 5.5. Since there are two unknown parameters (Jy
and g ) on the Y-intercept of the fit, data from two different temperatures is needed. Information
obtained from 90 K and 95 K was used to find these parameters.

The electron barrier height, Ny and Jy obtained from the bottom contact are 0.2917 eV,
2.51x10'8/eVem3, 370.64 A/ecm?K? respectively. Similarly, from the top contact hole barrier
height, N; and Jy obtained are 0.076 eV, 4.52x10'8/eVem3, 1.60x1071° A /em?K? respectively.
The results obtained from the electron injection when a detector is fully depleted are similar to
the results published by Amman [24]. However, the parameters extracted from a partially depleted
detector using Equation 5.4 are not trustworthy, to extract those parameters detectors need to
be fully depleted starting depletion from another side of the detector. For a partially depleted
detector, barrier height and Jy only depend on the difference between two intercepts and not on
the slope of J - Val/ 2 plot. However, in a fully depleted case barrier height depends on the slope
of the J - V, curve. Therefore, the Jy is defined as the pre-factor, and the assumption that it
depends on the fabrication process is not likely to be true. From the two results mentioned above
the pre-factor has a difference of order 107'2. However, the entire recipe used to prepare the crystal
and fabrication process were similar. Another possible reason might be the non-uniformity of the

electric field caused by the surface channels in a partially depleted detector.
5.4.2  Barrier Inhomogeneity

In this section, the primary focus is to illustrate the relation between the inhomogeneity of the
interface and the barrier height. The pre-factor Jy is assumed same as A* for this calculation
which is given by [128]

drgm*k?

where ¢ is the electronic charge, m* is the effective mass of charge carriers, k is the Boltzmann

constant, and h is the Planck constant. Plugging in the values on the above Equation 5.6, the value

of A* is 48 —4 [136] for a p-type Ge in the < 100 > direction. Equations 5.2 and 5.3 can be

cm2K?2
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re-written as

ETIn(J/A*T?) = —¢op) +min/Va (5.7)
KTIn(JJA*T?) = o) + ma(Va — Va) (5.8)

where my, my are \/2¢N/Ny and (Nif)l/Q%

The plot in Figure 5.1 shows the variation of the natural log of BLC density as a function
of the square root of bias voltage. As can be seen in Figure 5.1, for 10 - 20 bias voltage, the
reflection coefficient of charge carriers is dominating at the boundary hence the leakage current is
low. Increasing the bias voltage (higher than 20 V) the dependence is linear up to a certain bias
voltage where the detector gets close to full depletion. Near the V;, a sudden step feature appears
since both the contacts inject leakage current and it again becomes linear further increasing the
bias voltage. For three different guard-ring detectors BLC with respect to bias voltage in the range
of 30 - 70 V was considered.

The inhomogeneity of the a-Ge and crystalline Ge for three detectors is calculated considering
the fabrication process. The A* is treated as a constant (48 A/cm?K?). Y-intercept obtained from
the InJ as a function of (V,)"/? in Equation 5.7 gives the value of saturation current density (Js)
which is given by

Js = A*T? exp — (1o 4/kT). (5.9)

1o can be re-written and calculated for a given temperature as
Yop = kTIn(Js/A*T?). (5.10)

In addition to information on Js, information about the Ny of an a-Ge can also be obtained from
Equation 5.7 if the |[Np — Na| of the crystal is known. However, as shown in equation 5.9, Ny
does not affect the J,, hence also the 1) calculation. No efforts were made to study the indirect
contribution to the systematic errors to the g y,.

The variation of the BLC density as a function of the square root of applied bias voltage for

USD-R03 detector is shown in Figure 5.4. I-V data for this detector was taken at the temperatures
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FIGURE 5.3: Shown is the schematic representation of energy band diagram for a p-type germanium
detector. The Fermi level in the amorphous germanium lies in middle of the conduction and valence
band. A small negative bias is applied to the bottom contact of the detector, hence the detector
starts to deplete from its top surface [24]. (not to scale)
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FIGURE 5.4: Left: the variation of the current density versus the square root of bias voltage
for USD-R03 detector at 90 K. The plot shows that there are two distinguishable regions, which
correspond to two different ranges of the applied bias voltage, 10- 20 volts and 30-70 volts; Right:
shown is the variation of the leakage current density versus the square root of bias voltage for
USD-RO03 detector at different temperatures.
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Table 5.1: Barrier height extrapolated from a linear fit of g versus temperature.
Detector T op/eV * slope
USD — R0O2 0.14983+ 84F —4 0.00178+ 7.8F — 6

USD — R03  0.09285+ 5.8E —4 0.00214 + 5.6E —6
USD - W03 0.23962+ 1.1F —3 0.00086+ 1.1F —5

= The zero-bias barrier height extrapolated to 0 K .
* The slope obtained from g versus temperature plot.

90 K, 95 K, 100 K, 105 K and 110 K. Similar -V characteristics were obtained for USD-R02 and
USD-WO03 detectors at the temperature 95 K to 115 K with the increment of 5 K. The zero-bias
barrier height was calculated using the equation 5.10 which also takes into account the saturation
current density obtained from the Y-intercept of the InJ vs 4/V,. The relation between calculated
barrier height and temperature is illustrated in Figure 5.4 for all detectors. As can be seen from
the figure temperature and barrier height are interrelated to one another.

A linear fit was applied to the 1)y, versus temperature plot as shown in Figure 5.4, the Y-
intercept of the plot gives the 1) at absolute temperature without considering the barrier lowering
term. Since the data points are not perfectly linear there is some uncertainty in the prediction of
barrier height in the low-temperature range. The slope obtained from the same linear fit gives the
variation of the barrier height at a given temperature. Y-intercept (t;) and slope (variation in
barrier height) obtained from the linear fit are listed in Table 5.1.

The variation of the 1, for each detector with temperature is attributed to the inhomogeneity of
the interface. The energy band diagram for an a-Ge and p-type Ge interface is shown in Figure 5.3.
The nature of the 1y gives an impression that the barrier height saturates to a value ~0.32 eV for
USD-R02 and USD-WO03 detectors, and ~0.29 eV for USD-R03 detector. The predicted leakage
current at 0 K is negligible, assuming the barrier height saturates (highest barrier height for 0 K).
We have also predicted conservatively the leakage current using the linearly extrapolated data
(lowest barrier height at 0 K). The assumption of the highest and lowest barrier height possible for
a given temperature predicts the lowest and maximum BLC, respectively, for a detector at that

temperature.
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5.4.83 The Relation Between the Inhomogeneity of Interface and CBH

If a homogeneous interface layer is achieved for the contact formation, barrier height becomes
constant with the temperature, hence, BLC density can be predicted at different temperatures and
bias voltage with the help of equations 5.2 and 5.3 depending on the V; of the detector. However,
since the perfect homogeneity of the interface is difficult to achieve therefore barrier height cannot
be treated as a constant value with respect to temperature.

The variation of CBH with respect to temperature is explained using the I-V-T characteristics.
The fabrication process parameters used for the three detectors used in this study are the same
except for the fluctuations from the instrument itself. There exist several uncertainties such as slight
variation in the thickness of a-Ge layer due to the instability of process gas which jumps between
12 to 16 mTorr that also leads to slight variation in forward and reflected power, the exposure
of the crystal outside the vacuum chamber when flipping the detector after depositing a-Ge on
top and sides. In addition, the Ge crystal surfaces may not be identical since it involves multiple
hands-on steps such as mechanical cutting and lapping, chemical etching, etc hence, it leads to
the variation in the heterogeneous interface for three different detectors. The inhomogeneity at
the interface for each detector might be related to the cleanliness of the surface of the Ge crystal
before depositing a-Ge and the variation in thickness of a coated a-Ge layer. It is important to
minimize the exposure of the etched crystal before loading into the chamber for a-Ge deposition as
well as during the flipping of the crystal after completing one side (either top and sides or bottom)
deposition of a-Ge to minimize the Ge oxide formation when exposed to the atmosphere.

The Gaussian distribution model was used to explain the correlation between the barrier height
variation and the inhomogeneites of the heterogeneous interface. This model was developed by

Werner and Guttler and can be expressed as [149];
Yop = — 0?/2kT, (5.11)

where 1 is the mean barrier height and o is the standard deviation. o is assumed to be a

constant with respect to temperature for this calculation, therefore, barrier height varies with
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FIGURE 5.5: Left: shown is the variation of the 1)y versus temperature. The CBH at 0 K was

extracted from the first-order polynomial fit; Right: shown is the variation of v ; with respect to
1/2kT.

the temperature. 1) and o2 were extracted from the plot in Figure 5.5 which corresponds to the
Y-intercept and the slope respectively. Extracted 1) and o? for three detectors are summarized
in Table 5.2. The USD-WO03 detector has a smaller value of ¢ than the other two detectors,
indicating that the barrier height fluctuation is smaller for this detector than the other detectors.
The implication of less fluctuation in the barrier height is in proportion to the variation of the BL.C
when the temperature of the detector is increased or decreased. The deviation of o with respect
to 1) is within the range 9% — 12% for three detectors characterized which gives a measure of
barrier inhomogeneity. The thermionic emission model better explains the metal contacts formed
on semiconductors, in which case the value of o2 is close to zero. Therefore, a smaller value of
o2 indicates the interface formed is close to an ideal thermionic case and barrier homogeneity is
established [150]. The measurement of o helps optimize the fabrication process parameters.

Assuming there is a little or no inhomogeneity (when o?

is close to 0), the band gap of a-Ge
equals the sum of electron barrier height (¢.) and hole barrier height (¢p,) [23]. The results published
in these cited papers are based on the assumption that the barrier height is constant with respect to
temperature. The procedure to calculate the barrier height for holes and electrons has already been
discussed in the previous section. Constant barrier height and the trade-off relationship between

the pre-factor and barrier height, the sum of ¢. + ¢, equals the band-gap of a-Ge are simplified

assumptions and may not explain the data accurately.
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Table 5.2: Summary of three USD detector properties used for the study of inhomogeneity of the

interface.
Detector USD-R02 USD — R0O3 USD —Wo03
= Impurity/cm? 2.93 x 1010 3.78 x 1010 2.60 x 1010
Thickness/cm 0.65 0.81 0.94
 Area/cm? 0.29 0.48 0.24
* Via/V 700 1400 1300

= qpop/eV@IOK

= ¢07b/€v@95K

= 4op/eV Q100K
= 4hp/eV @105 K
= apop/eV@I10K
" op/eVQI15K
" p/eV

+ 0’2/(eV)2

0.32679+ 1.8F — 4
0.32858+ 9.3F — 5
0.33570 £ 6.4E —5
0.34619+ 6.7FE — 5
0.35898+ 1.2E — 4
0.52367 + 8.2F — 4
0.00336 £ 1.5E —5

0.29174+ 1.8F — 4
0.29795+ 9.7E — 5
0.30655+ 5.4F — 5
0.31752+ 5.4F — 5
0.33015+ 5.3F —5
0.52359 + 8.3E — 4
0.00371 £ 1.4E -5

0.32313+ 1.3F — 4
0.32498+ 1.5F — 4
0.32866+ 1.6F — 4
0.33418+ 1.8F — 4
0.34262+ 2.4F — 4
041734 + 1.1E -3
0.00156 £ 2.7 —5

® Net impurity concentration calculated from the C-V measurements.
T Area of the central contact on the top surface.

* Full depletion voltage for the detector.

= Zero-bias barrier height.

* Mean-barrier height.

* Variance of barrier height fluctuation.

5.5  Conclusions

Barrier height was calculated for the USD-R03 detector without considering the inhomogeneity.
However, assuming the dependence of BLC only on the temperature of operation alone doesn’t
reproduce the leakage current data for a wide temperature range. Another method was also applied
to calculate the barrier height for the three detectors used for this study, this model treats the Jy
same as the A* but does not take into consideration the inhomogeneity [136]. Without the Jy or
the inhomogeneity consideration, the model was unable to accommodate the fabrication process
parameter. Most of the previous studies were based on the assumption that the Jy depends on
process parameters and is an unconstrained parameter.

Variation of CBH with respect to temperature was studied for the first time for an a-Ge de-
posited Ge detector. To investigate the inhomogeneity of the interface layer, we have treated the

pre-factor (Jy) the same as the (A*). The inhomogeneity level of the interface is attributed to
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the process parameters used in fabricating the detectors. The nature of barrier height formed also
depends on the surface properties of the crystalline Ge. The Gaussian distribution model developed
by Werner and Guttler was used to study the variation of the CBH at a wide temperature range.
The fluctuation of barrier height with respect to temperature is attributed to the inhomogeneity
created when the a-Ge contacts are formed on the crystalline surface of HPGe. The observed vari-
ation of inhomogeneity between three USD-made detectors hints that the fabrication process can
be optimized to minimize the variation in the barrier height.

A linear fit to the data was used to estimate the barrier height and the BLC at a lower temper-
ature. Since the analysis done in this study is only for a limited temperature range (90 K to 115
K), there exists a large uncertainty in the prediction for the lower temperature. However, it is safe
to say that the BLC will be less than ~ 10724 A at LHe temperature since the CBH of 0.02 eV
is sufficient to block the charge injection through the contacts. As seen from Table 5.1, the CBH
either saturates at a large value or if it follows the linear trend also it will be significantly larger
than 0.02 eV. To cross-check the prediction for the lower temperature, BLC measurements were
carried out at the temperatures of 5 K and 80 K. The injected leakage currents were observed <
0.4 pA for both the temperatures. The accuracy of the Keithley picoammeter currently in use at
USD is 0.4 pA. To verify the prediction more accurately better sensitive device to measure the

leakage current is needed or other techniques need to be explored.
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6

Charge Trapping in Germanium Detectors

Charge carrier transport has been studied very well around liquid nitrogen (LNg) and millikelvin
(mK) temperature. However, the physics of charge carriers is little understood around liquid
helium (LHe) temperature. It is important to understand the physics of the Ge detector at a wide
temperature range. This is particularly important for large-size Ge detectors in rare event searches,
in which case, a low energy threshold is desirable. In this chapter, the physics of charge trapping

in the Ge detector at LNy and LHe temperature is discussed.

6.1 Charge Carrier Transport in Ge Detector

6.1.1 Electric Field Calculation in a Planar Detector

All the detectors characterized in this study are of planar geometry. It is important to know
the magnitude of the electric field within the detector to evaluate the detection efficiency of the
detector. Trapping length, charge collection efficiency, scattering cross-section, and drift velocity
are some of the parameters in the charge transport mechanism which depends on the electric field
in the detector. For the simplification of electric field calculation, the net impurity concentration
(INa—Np|) in the crystal is assumed to be constant and uniformly distributed within the detector.
The magnitude of the electric field at the top and bottom contacts of the detector, and as a function

of distance for an n-type detector biased positively from the bottom contact of the detector are
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given as [151];

VN v
B = «/W,va <V (6.1)

_Va+Vd
D

E Vi > Vi (6.2)

, respectively. The magnitude at the bottom contact of the detector is given as;

Eb = 0, Va < Vd (6.3)

_Va_Vd

E
b D

,Va > Vd (6.4)

Since the impurities are in an ionized state after the free charge carriers are swept away to the
electrodes in a fully depleted detector, the impurity ion screens the electric field distribution. As
a result, the magnitude of the electric field decreases linearly as a function of distance from the
contact. For a fully depleted detector, the magnitude of the electric field as a function of distance,

xz, can be written as;

_ Va+Va B 2Vaz

Bla) = 2 24

Vo > Vd (6.5)

Where E;, Ey, V,, Vg, |[Na — Np|, and D represents the electric field at the top contact,
electric field at the bottom contact, applied bias voltage, full depletion voltage of the detector, net
impurity concentration of the crystal and detector thickness, respectively. The USD-R09-02 and
USD-RL detector fully depletes at ~1200 V and ~400 V, respectively, determined from the C-V
characteristics. As shown in Figure 6.1, in order to achieve a high enough electric field throughout
the detector volume, the detector needs to be over-biased with a voltage above a few hundred
volts than the V;. The impurity atoms turns into space-charge after the detector is depleted and
affects the electric field distribution within the detector, hence, it is desired to have a low impurity

concentration crystal, otherwise, the electric field on one of the contacts will be much higher. The
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FIGURE 6.1: Shown is the electric field distribution in two detectors, USD-RL and USD-R09-02.
The Vj for these detectors is 400 V and 1200 V, respectively.

contacts should be robust enough to hold such a high field. A detailed study of space charge

contribution in various detector geometries can be found in this published paper [152].
6.1.2 Schokley-Ramo Theorem

When incoming radiation interacts with the target (Ge-detector), it generates free-moving charge
carriers (electrons or/and holes). Since for our setup, bias is only applied from the bottom electrode
of the detector, the bottom electrode can be positive or negative (depending on the polarity of bias
voltage) whereas the top electrode is always grounded. Electrons are accelerated to the positive
(grounded) electrode and holes to the grounded (negative) electrode. The induced charge generated
from the moving charge ¢ is @), which gives a measure of the amount of energy deposited within
the detector. The output signal is time-dependent which can be predicted considering the charge
() as a position-dependent parameter. The model for the amount of () induced on the electrode

was developed by Shockley and Ramo [153, 154], and described by the equation;

Q = —qibo (@) (6.6)
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and induced current is given as;

—

i = qU.Ey(Z) (6.7)

where U is the instantaneous velocity which is determined from the actual electric field applied to
the contacts and also considering the electric field generated by space charges, ¥(x) is the electric
potential and FEy(z) is the electric field at point x. Equation 6.7 can also be written in terms of
weighting electric field (E,,) as

i =qEyv (6.8)

The magnitude of the instantaneous velocity is equal to fl—f. For an n-type planar detector geometry,
biased positively from the bottom electrode of the detector, electrons drift towards the positive
electrode transversing the distance L (for a fully depleted detector and localized charge carriers
created on the top surface of the detector). Weighting potential at the bottom electrode in such a

condition is given by;

1

By = —Ato(x) = T (6.9)

Using Equation 6.9 and the relation d@ = idt, Equation 6.8 can also be written as;

dx

Q= a4 (6.10)

6.1.8 Charge Collection Efficiency

Ge detectors are usually operated in reverse bias mode to enhance the depletion region. When
the incident radiation interacts with Ge atoms, it creates a cloud of charge carriers. The charge
carriers can encounter impurities while drifting through the detector. Charge trapping occurs as
the charge carrier drifting through a detector gets bound to a spatially localized impurity state.
Charge carriers can be temporarily or permanently trapped to the impurity state and hence there is
a delayed signal or no signal at all. Trapping of charge carriers causing the prolonged pulse can be
recovered partially or fully. Charge trapping can distort signals and also directly affect the energy

resolution of the detector.
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FIGURE 6.2: Left: shown is a schematic diagram of the charge drifting process in a planar detector.

A positive bias voltage is applied from the bottom electrode of the detector and top contact is
grounded. Interaction shown here represents the interaction point that occurs somewhere middle
of the detector and charge carriers are drifted towards the oppositely biased electrode; Right: shown
is the plot of Onsager radius as a function of temperature.

In order to understand the charge trapping phenomenon better, both shallow and deep traps
have to be investigated. Shallow and deep trapping levels are defined relative to the energy of the
trap. In an intrinsic Ge detector, there exists a forbidden band between the conduction band and the
valence band. Defects such as impurities, vacancies, interstitials, etc exist in the Ge detector which
creates the allowed energy states somewhere between the conduction and valence band depending
on the type of impurities.

Neutral impurities are present in the Ge crystal. The charge trapping phenomena described
here is for the case of a fully depleted detector, hence, neutral impurities are in the form of ions.
Trapping length is the characteristic property of the detector defined as the mean length the charge
carriers travel through a detector before being trapped. Therefore, the number of charge carriers
will decrease exponentially with the distance the particles travel. The statistics of holes, after

traversing a distance (z) is given as [155];

Nyy(z) = N (0)e' ) (6.11)

where Np,(0) is the population of holes generated near the top electrode (x ~ 0) and Ap is the
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trapping length for holes.
In a fully depleted detector of thickness, L, the number of induced charges at the position x

can be found by integrating Equation 6.10 from = 0 to x = L, which is given as;

QL = Qh,O%(l - efﬁ) (6.12)
Where Q0 = ¢V} is the total charge at x = 0 and Q1 is the total charge at x = L.

Equation 6.12 is the generalized form when only one type of charge carriers transverses the
detector which is mostly applicable to the localized charges created by as and low-energy fSs. Since
the ~ys create a cluster of charges within the detector, both types of charge carriers traverse through
the detector.

(L==2)

Q:Qo%a—e’iw%u—e‘T) (6.13)

where )\, and z are the electron trapping length and the hole drift distance respectively. The sum

of hole drift distance and electron drift distance is equal to the total thickness of the detector.

6.2 Charge Trapping and Capture in a Ge Detector at LHe Temperature

6.2.1 Impurities Freeze-out Phenomena

Different techniques can be used to find [N4 — Np| in a Ge crystal, some common techniques are
discussed in Chapters 3 and 4. At around 80 K, free charge carriers (holes or electrons) are available
in the crystal. When a small bias voltage is applied, free charge carriers are swept away from the
depleted region, hence the neutral impurity atoms turn into ions (space charges). If the applied bias
voltage is equal to or greater than the full depletion voltage of the detector, all the free charges in
the detector are swept away to the electrodes. Further lowering the detector temperature without
the application of bias voltage, these free charge carriers start to freeze-out. Even when the bias
voltage is applied, those charge carriers are not swept away at low temperatures (< 11 K). Note
that if the temperature of the detector is lowered from ~ 80 K for a fully depleted detector without

turning down the bias voltage to zero, the process could be different. USD group is currently taking
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FIGURE 6.3: Shown is the C-V characteristics obtained for a USD-R11 detector at various temper-

atures. The Vj of this detector is 500 V. It has a |[N4 — Np| of 5.81x 10! /em? and a thickness
of 3.9 mm.

data to understand if there is any physics difference involved in these two modes of operation. All
the physics phenomena described here are based on the former mode of operation. The free-charge
carriers start to freeze-out at a temperature below about 11 K and are completely frozen at a
temperature below 6.4 K as shown in Figure 6.3. There might be a slight deviation in these values
for a Ge crystal depending on the impurities present in the crystal since the freezing temperature is
related to the binding energies of the impurities. The freezing of free charge carrier means they are
bound to their respective impurity atoms. The freeze-out of charge carriers creates excited electric
dipoles or neutral states ie. D% and A%, hence the number of free charge carriers start to decrease
at around 11 K. C-V characterization method is discussed in detail in Chapter 4. The capacitance
as a function of temperature at various bias voltages (C-T-V) in the temperature range of 80 - 5 K
is shown in Figure 6.3. As seen in Figure 6.3, the relative capacitance of the detector without any
bias voltage applied at less than 6.4 K is the same as that of at 80 K with the 500 V applied.
500 V is the Vj; of the detector, USD-R11, used for this study. Therefore, it confirms that there

exist no free charges at less than 6.4 K.
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The extra (free) electrons or holes of impurity atoms that are not bounded to the Ge atoms can
move freely if the thermal energy exceeds the Coulomb energy. The model developed by Onsager

in 1938 relates the Onsager radius (R) as a function of temperature as;

62

R = 4ekT

(6.14)

where e is the electronic charge, € is the permittivity of Ge, k is the Boltzmann constant, and 7T is
the temperature.

The thermal separation of a hole or electron at less than 11 K elongates the outer orbital largely,
from the core of the atom hence it is no more circular. For example, for an n-type impurity atom,
the fifth electron of the outermost shell is separated from the core of the atom. This separation
of a core of the atom (positively charged) and the fifth electron (negatively charged) creates the
thermally excited electric dipole states D%*, since the atomic structure is deformed. Similarly, it

can be described for a p-type impurity in this case excited electric dipole states A%* are formed.
6.2.2 Cluster-dipole Formation

The freezing of charge carriers at around LHe temperature forms excited dipole states A%* and
D% in p-type and n-type impurities, respectively. When incoming radiation interacts with the
detector, it deposits energy in the detector resulting in electron-hole pairs. There exists a Coulomb
attraction between the charge carriers and charges or ions of excited neutral dipole states. The
trapping of charge carriers by these excited neutral states forms the cluster dipole states. The
schematic diagram of dipole and cluster dipole formation in a p-type and n-type impurity atom is
shown in Figure 6.4. Energy is released by the phonon excitation if the excited cluster dipole is
formed by the shallow trap whereas for the deep trap single space-charged state is formed.

The positively charged donor ion and negatively charged acceptor ion for p-type and n-type
impurities, respectively are deeply confined by the deformation potential. Therefore the allowable
phase space for charge trapping is less than that of bounded frozen charge carriers. The electrons
or holes can move within the limit defined by the Onsager radius. Therefore the likelihood of the

formation of D™* and A™* is more through the trapping of holes with the electrons, and electrons
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FIGURE 6.4: The schematic representation of the excited states of the dipole and cluster dipole
formation in a p-type and n-type impurity atom in a Ge crystal. This process comes into play at
temperatures below ~11 K. p'and ¢ represent the corresponding dipole moments [156].

with the holes respectively. The probability of trapping electrons and holes by the Dt and A~
states respectively is less. Hence, electrons and holes are trapped more severely in a p-type and
n-type detector respectively than the holes in a p-type and electrons in a n-type detector.

The cluster dipole formation process is summarized as follows;

DO* +h+ — Dt*

e DV 4 ¢~ — D%

o A% 4o > AT

A0*+h+ —>A+*
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6.2.8  Spectral Analysis

The energy deposited from a 5.3 MeV as generated from ?4' Am source was recorded at 5.2 K and
77.8 K for both polarity of bias voltage for a USD-R09-02 (n-type) and USD-RL (p-type) Ge planar
detector. Note that the bias voltage was only applied from the bottom electrode and the signal was
read out from the top electrode. The well-known characteristics of as in a Ge detector at 77.8 K
were used for the comparison at 5.2 K. The 2! Am source was placed inside the PTR ~0.5 cm
above the top surface of the detector. The schematic diagram of the charge carrier’s movement
shown in Figure 6.2 represents well for the s since the ~s create a cluster of charges everywhere in
the detector. In the case of as, the energy deposited is localized within < 100 ym in a crystalline
Ge detector. The following mode of operation was followed to study the charge trapping of holes

and electrons separately.

e 2*1Am source was placed on the collimated-PTFE bar just above the top surface of the
detector, hence the 5.3 MeV as deposit energy on the top surface of the detector (< 100 pm

thickness in Ge detector).

e the p-type detector was biased negatively from the bottom contact, hence the holes drift
throughout the detector thickness and reach the bottom electrode. (Mode#1, hole trapping

study in a p-type detector)

e the p-type detector was biased positively from the bottom contact, hence the electrons drift
throughout the detector thickness and reach the bottom electrode. (Mode#2, electron trap-

ping study in a p-type detector)

e an n-type detector was biased negatively from the bottom contact, hence the holes drift
throughout the detector thickness and reach the bottom electrode. (Mode#3, hole trapping

study in an n-type detector)

e an n-type detector was biased positively from the bottom contact, hence the electrons drift
throughout the detector thickness and reach the bottom electrode. (Mode#4 electron trap-

ping study in an n-type detector)
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For the above-mentioned modes of operation, when « deposits energy in the detector, only one
type of charge carrier travels through the detector when a bias voltage is applied. Hence, using
the a source and changing the polarity of bias voltage, the charge trapping phenomenon can be
studied for each type of charge carrier separately for both p and n-type detectors. The direction of
charge carriers’ movement does not depend on the n-type and p-type detector, it is only determined
by the polarity of bias voltage. '37Cs spectrum was also taken in a similar mode of operation as
described above. 137Cs source was placed outside the PTR, closed to the detector surface from the
side. Unlike as whose energy deposition is localized, charge carriers from 662 keV ~ can scatter
and deposit energy in wider regions of the detector. Spectra obtained from 37Cs was used to
validate our prediction of charge trapping which was made based on the results obtained from
the a spectrum. Energy deposited by the a was recorded for each temperature (5.2 K, 5.7 K,
6.4 K, 6.8 K, 7.6 K,9.06 K, 11.02 K, and 77.8 K) as a function of bias voltage in the 4 modes of
operation. Energy deposited by the 661.7 keV ~ was only recorded for the positive and negative
polarity of bias voltage at 5.2 K and 77.8 K since taking the 37Cs spectrum took a lot longer
time. '¥7Cs source was placed outside the cryostat whereas the 24! Am source was placed inside the

cryostat.
Alpha spectra

Left two plots of Figure 6.5 and the right two plots of the same Figure 6.5 are the energy deposited
by as at temperatures 5.2 K and 77.8 K. The upper two plots are obtained for operation mode
#3 and the bottom two plots are obtained for operation mode #4. The behaviors observed in the
right two plots of Figure 6.5 are fairly well understood. In mode #3, the detector starts to deplete
from the bottom surface of the detector. The 2! Am source is facing the top surface of the detector,
hence the as deposit energy in the undepleted region of the detector. Without the electric field
in the undepleted region, charge carriers recombine and do not contribute to the charge signal.
Positive charge carriers drift towards the bottom electrode. When mode #4 is in operation, the
detector starts to deplete from the top surface, hence even with a small thickness of the depleted

region charge carriers can induce the signal, however, the detection efficiency is low since charge
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Table 6.1: Shown are the properties of three detectors used for the study of charge trapping and
C-V characteristics.

Detector Dimensions (I1xbxh) Impurity (/em3) *Vy; (V) Type a-Ge (nm)
USD-RL 1.88x1.79x1.07 6.2x10° 400  p-type 1200
USD-R09-02 1.17x1.15%x0.55 7.02x 1010 1200  n-type 600
USD-R11 1.18x1.16x0.39 5.81x 1010 500 n-type 360

* Vg Full depletion voltage for the detector.

carriers encounter neutral impurities of the undepleted region. As shown in the C-V characteristics
curve in Figure 6.3, the detector is already free of free charge carriers, therefore the o spectrum is
expected to obtain with a few ten’s of bias voltage for both the polarity of bias voltage. However,
as shown in Figure 6.5, the energy deposited by the as is less than that of 77.8 K. In addition,
mode #3 of the operation results in a severe decrease in detection efficiency compared to mode
#4. As shown in Figure 6.5 to see a clear signal from mode #3, the detector needs to be biased ~
1200 V. Even with the small bias voltage applied, mode #4 operation resulted in a clear signal of
as, however, the charge collection efficiency is much smaller than expected and also less than the
same mode of operation at 77.8 K. This arises the question of charge trapping phenomena at low
temperatures. The charge trapping model at low temperature is described in the section Cluster
Dipole Formation.

Similarly, a p-type detector was used to study the charge trapping phenomena at around LHe
temperature. The energy deposited by a 5.3 MeV « particle is shown in Figure 6.6 for the p-type
detector operated at 5.2 K and 77.8 K. Similar behavior of the detector was observed at 77.8 K
and 5.2 K to that of the n-type detector. Primarily, there were two differences observed between
these two n and p-type detectors. First, the difference is with the polarity of bias voltage. As
shown in Figure 6.5, when positive bias was applied to an n-type detector signal can be seen more
clearly, however, for the p-type detector negative bias resulted in a clear signal than when the
detector was positively biased. Another difference is the applied bias voltage required to achieve
the same CCE. The former is explained in the model of cluster dipole formation; Later, is due

to the difference in a-Ge thickness and the impurity concentration between two detectors which is
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FIGURE 6.5: Shown is the energy deposited from the 5.3 MeV as in an n-type detector, R09-02.
The plots shown on the left and right are for the detector operated at 5.2 K and 77.8 K respectively.
The top plot on both sides was taken when negative bias was applied at the bottom surface whereas
the bottom plots on both sides were taken when positive bias was applied at the bottom surface.

shown in Table 6.1. The variation of energy deposition in a Ge detector by the 5.3 MeV as as a
function of a-Ge thickness was studied using several detectors having a-Ge thickness of the range
of ~ 300nm - 1200 nm and such behavior is well understood.

The normalized CCE as a function of bias voltage (both polarity) for both the detectors with
« source is summarized and shown in Figure 6.7. The plots in Figure 6.7 shows CCE at 5.2 K and

77.8 K.
Gamma Spectra

To validate our theory of cluster dipole formation, 661.7 keV v spectra was taken from '37Cs source
for both the detectors, USD-R09-02 and USD-RL. The spectra were obtained by exposing the ~
source to the n and p-type detector, the spectra are shown in Figures 6.8 and 6.9, respectively.
As seen in the figure, there is no dependency on the polarity of bias voltage. This is because the
gamma energy deposits, unlike « deposits, are not localized. However, the CCE at 5.2 K has
significantly reduced for both the detectors compared to that of 77.8 K for the lower bias voltage.

The normalized CCE as a function of bias voltage (both polarity) for both the detectors using

a vy source is summarized and shown in Figure 6.10. In addition, these plots in the Figure 6.10 has

93



10

RL Detector @ 5.2 K, Negative Bias

103 -

10?

Counts
Counts

10

L L L Il L L
500 1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500
Energy [keV] Energy [keV]

RL Detector @ 77.8 K, Positive Bias

RL Detector @ 5.2 K, Positive Bias

Counts
Counts

Energy [keV] 1000 1500 Zoognagys?ﬁev]
FIGURE 6.6: Shown is the energy deposited from the 5.3 MeV as in a p-type detector, RL. The
plots shown on the left and right are for the detector operated at 5.2 K and 77.8 K, respectively.
The top plot on both sides was taken when negative bias was applied at the bottom surface whereas
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6.2.4 Trapping Length of the Charge Carriers

The CCE of a detector is the fraction of energy deposited that is detected. The current setup at USD
is not sufficient to find out the absolute CCE of a detector. Hence, the charge trapping is studied

with the relative CCE data. CCE data was normalized with respect to the energy of 77.8 K at a
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FIGURE 6.7: Shown is the normalized charge collection efficiency (CCE) as a function of bias

voltage at temperatures 5.2 K and 77.8 K using an alpha source. Left: normalized CCE for a
n-type detector; Right: normalized CCE for a p-type detector.
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FIGURE 6.9: Shown is the energy deposited from the 661.7 keV ~-rays in a p-type detector, RL.
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higher bias voltage data, where the CCE saturates with the bias voltage. The CCE improves with
increasing the bias voltage as the charge carriers acquire high drift velocity at higher bias voltages.
The trapping length depends on the trapping cross-section and the impurity concentration of the
Ge detector. For a given detector, a shorter trapping length implies the charge carrier trapping is
significant while the larger trapping length indicates smaller charge trapping in comparison.

To calculate the trapping length for holes and electrons for USD-R09-02 (n-type) detector, first,
the relative CCE was determined at 1200 V with respect to that of 1800 V at both polarity of
bias voltage. The relative CCE extracted from the observed data is 75.74 % for holes and 98.68 %
for electrons. The Equation 6.12 gives the trapping length for the holes and electrons 0.94 cm
and 20.8 cm, respectively. Similarly, the trapping length calculated for USD-RL (p-type) detector
at 600 V were 9.25 cm and 2.05 cm, for the holes and electrons, respectively. Identifying the
interaction position of the 661.7 keV « within the detector is not straightforward since gamma
energy depositions are not localized but spread out. Hence, no effort was made to find out the
trapping length using the energy deposition data from ~. However, the interaction position was
obtained using the information of trapping length from the alpha data. The CCE depends on the
interaction position where electron-hole pairs are created which is shown in Figure 6.11. Since

n-type (p-type) detectors trap electron (hole) more, the CCE depends on the distance each type of
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charge carrier traverse in the detector. However, v interactions create spatially separated charge
clusters, so it is difficult to distinguish CCE between two different polarities of bias voltage.
The relation between CCE and trapping length of the charge carriers for R09-02 (n-type) and

RL (p-type) detector is illustrated in Figure 6.11.
6.2.5 Impact lonization in Ge at Low-temperature

The electric fieldint he d etector d etermines t he k inetic e nergy o f c harge ¢ arriers. I t m ight be
possible for these energetic charge carriers to produce more free charge carriers. The electric field
required to produce the additional free charges (impact ionization) is ~ 15000 V/cm at around
79 K [135]. However, at mK temperature, impact ionization may occur from the interaction
of charge carriers with the neutral impurities or crystal lattice as reported in the SuperCDMS
publication [157]. At around LHe temperature there is the evidence of the formation of excited
cluster dipoles as reported in this study. We have also observed the similar feature as of impact
ionization. The increase in CCE for a USD-R09-02 detector as a function of time is shown in
Figure 6.12. It was observed that the CCE increases with time at first upt o s everal hundred

seconds, then it becomes stabilized thereafter. The rate of gain/loss in energy due to impact
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FIGURE 6.12: Left: time-dependent charge collection efficiency for a R09-02 detector at 5.2 K as
a function of bias voltage; Right: time-dependent charge collection efficiency for a R09-02 detector
at positive 300 V as a function of temperature.

ionization is given as [158];

dE

E” = (Np — NA)(2E/m*)20,(E)(E;) (6.15)

(

where, 0;(E) is the cross-section for impact ionization to occur, m™* is the effective mass of the
electron, Np — N4 is the net impurity concentration.
The following model was developed and used to explain the time-dependent charge collection

efficiency;

Py + 2[1 — exp(—Pst)] (6.16)

where, Py, P, P, are the fitting parameters which are related to charge collection efficiency at t=0,
rate of energy released due to impact ionization, and inverse of time required to reach the plateau,
respectively. The time-dependent CCE and the fitting model are shown in Figures 6.12 and 6.13.

Using the fitting parameters for 30 V, in Equation 6.15, the binding energy of the excited
cluster dipole states was ~ 0.4 meV. The dependence of the scattering cross-section on the electric
field should be considered for the calculation of binding energy. Such a detailed study was not
pursued. The scattering cross-section for this calculation was assumed to be 5 x 10713 cm? taking
references from the SuperCDMS publications [157].

The time to reach the plateau is longer for the low voltage (30 V) compared to that of high
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FIGURE 6.13: Shown is the time-dependent charge collection efficiency for a R09-02 detector. Left:
positive 30 V at 7.6 K; Right: positive 300 V at 5.2 K

voltage (300 V) for a given temperature.

6.3 Charge Carrier Capture Cross-Section

The charge trapping was studied using the model developed by Melvin Lax [159]. This model was
further extended by the Cryogenic Dark Matter Search (CDMS) collaborators. Charge trapping
was studied in a fully depleted detector, hence, the cross-section calculation shown here refers to
the deep trapping of impurities. The Onsager radius determines how large the effective volume of
the sphere can be for the charge carrier to be bound with the impurity state. Outside the effective
volume of the sphere, charge carriers are free and are not trapped anymore. The cross-section of

the charge carrier capture cross-section is defined as [159];

T 3
7ers(B) = 550 (6.17)

where ocf¢(E), Ae(E), R are the effective capture cross section, the mean free scattering length,

and critical radius, respectively. The mean free scattering length in Equation 6.17 is given as;
AE =vg X 7, (6.18)

where vy and 7. are the drift velocity of charge carriers and average scattering time of charge

carriers within the effective sphere, respectively. The drift velocity depends on the mobility of
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charge carriers and the electric field. Drift velocity increases linearly at first as a function of

electric field and saturates for a high enough electric field, which can be expressed as;

vg = u(E)E (6.19)

where p(E) is the mobility of charge carriers in a crystal, which depends on the type of charge
carriers (electrons and holes) and the magnitude of the electric field. Hence the saturation drift

velocity acquired by charge carriers can be given as;

Usat = ,U/(O)Esat (620)

where £4(0) is the mobility of charge carriers at zero electric field. It can be expressed in terms of

Hall mobility (uo(H)) through the following relation;

=
20
=

u(0) = (6.21)

The magnitude of ug(H) and r are 36000 cm?/Vs (42000 cm?/Vs) and 0.83 (1.03), respectively for
electrons (holes) for germanium at room temperature [160]. The empirical model of drift velocity

and saturation drift velocity is stated as;

n(0)E
Vg = 6.22
1T o (6.22)

300

Vsat
Vs = 6.23
A+ Ay (6.23)

where v3% and A, are the constants and equal to 0.7x107 (0.63x107) and 0.55 (0.61) for electrons
(holes), respectively. Using Equation 6.23, the saturation drift velocity calculated at 5.2 K for
electrons and holes are 1.52x107 ¢cm/s and 1.57x10” cm/s respectively. The mobility depends on

temperature and the electric field. The field-dependent mobility is given as;

WE) = ————_ (6.24)




Combining Equations 6.24 and 6.20, drift velocity can be expressed as;

1(0)E
Vg = ———~— (6.25)
wO)E
1 + Esat
The average scattering time for charge carriers with the impurity atoms is given as;
P
E
. M) (6.26)
e

where m™* is the effective mass of charge carriers. Using drift velocity and scattering time, the
scattering length for the charge carriers can be calculated. The mobility (u(0)) of electrons and
holes at ~ 5.2 K was assumed to be 2 x10° ecm?/Vs and 1 x10° cm?/Vs, respectively. The plot of
mean scattering length and effective capture cross-section as a function of the electric field is shown
in Figure 6.14. The effective capture cross-section was calculated using the information of critical
radius and scattering length. The large difference in capture cross-section in the plot shown for
5.2 K suggests a similar charge trapping model to that of 77 K may not work, the cluster dipole
states might be formed at this low temperature with a different charge trapping mechanism. In
addition, the critical radius defined in this case is for the dipole states, hence the effective volume of
the sphere (where charge carriers are considered to be trapped for the excited cluster dipole states)
needs to be investigated.

The implication of charge trapping in a Ge detector at 77 K has been discussed in this Ref. [161].

6.4 Conclusions

Several planar Ge detectors were characterized in a PTR at ~ LHe temperature. The freeze-out of
impurities ~ LHe temperature was observed experimentally. The spectral analysis using a '37Cs
and 2*'Am source was performed. The significant charge trapping at LHe temperature may be
attributed to the formation of excited cluster dipole states. Dipole formation was studied in both
the n-type and p-type Ge detectors. Charge trapping length for the electrons and holes was obtained
using the 2! Am data. In addition, the binding energy of the cluster dipoles was investigated using

a charge trapping model. The binding energy was ~ 0.4 meV.
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7

Summary and Perspectives

Ge detectors are widely used in rare event searches including dark matter and neutrinoless double
beta (0v3/3) decay searches. Some properties of the germanium (detector), particularly, high atomic
mass (A), good energy and position resolution, and low energy threshold are ideal for such searches.
Also, an advantage of a germanium (Ge) detector is it can act as both target and detector in particle
detection. Investigating the Ge detector properties at a wide temperature is of further interest to
enhance its applicability in dark matter and neutrino experiments. Ge is a good target to search
for a low or intermediate mass WIMP-like dark matter. "°Ge is predicted to undergo Ov3f decay.
Ge-based experiments can also carry out OvB3 decay searches that can elucidate better the nature
of neutrinos. Proper understanding of the detector response and enhancing the Ge detector abilities
at a low energy regime can be crucial to improving the sensitivity of such rare-event searches.

In this dissertation, I present my work on the fabrication and characterization of amorphous

Ge (a-Ge) contact Ge detectors at a wide temperature range.

e Ge has a wide range of applications including nuclear proliferation detection and rare-event
searches. Growing a large-size single crystal of Ge and turning it into a detector is highly
demanding for large-scale experiments. In this dissertation, I report the work I was involved

in: procurement of single-crystalline Ge, its characterization, and the fabrication process to
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form a-Ge contact in high purity Ge detector. It also discusses the challenges that exist in

detector fabrication.

In Chapter 4 of this dissertation, I discuss the work on the characterization of the Ge de-
tector at liquid nitrogen (LNj) and liquid argon (LAr) temperature. I fabricated about 15
Ge detectors (planar/guard-ring structure, point-contact) using the homegrown crystal at
the University of South Dakota (USD). To investigate the detector performance at low tem-
peratures, detectors were characterized in a LNy vacuum cryostat provided by the Lawrence
Berkeley National Laboratory (LBNL). Current-Voltage, Capacitance-Voltage characteristics
and energy spectroscopy measurements were carried out at a wide range of temperatures.
Some of the detector properties were studied as a group and the findings were published in
Journals [124, 136, 162]. Three detectors were brought to MPI for further characterization in
cryogenic liquids (LAr and LN3). For the first time, a-Ge contact Ge detector was directly im-
mersed in those cryogenic liquids in Max-Planck-Institut (MPI) fir Physik (MPI) in Munich
and investigated. The results of this research have been already published in a Journal [42]
and cover a significant part of Chapter 4 in this dissertation. a-Ge contact properties were
tested in a Gerdalinchen II cryostat. Detectors survived multiple thermal cycling without no

sign of deteriorating the detector properties.

In Chapter 5 of this dissertation, a-Ge barrier height measurements are presented. A new
approach to calculating the inhomogeneity of the interface created by the a-Ge and crystalline
Ge surface is introduced. Bulk leakage current from three guard-ring style Ge detectors was
measured at a wide temperature range and this data was used to find out the inhomogeneity
level of the interface. Though the recipe and techniques to fabricate the germanium detector
are the same, there is a difference in the level of inhomogeneity for the three detectors suggests
that the fabrication process can be optimized in order to achieve a homogeneous interface.

The results of this analysis have been published in a Journal [163].

In Chapter 6, a model is introduced to explain the charge trapping at liquid helium tempera-

ture. There are only a few studies of Ge properties at around liquid helium (LHe) temperature.
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In our work, we characterize several detectors in a Pulse Tube Refrigerator (PTR) developed
by our group. The freeze-out temperature is determined for the Ge crystal. Impurities start
to freeze-out at around 11 K and are completely frozen at less than ~ 6.4 K. In addition, the
spectral analysis was performed using the radioactive sources 2! Am and '37Cs at a temper-
ature range of 5.2 - 80 K. It was observed that the Ge detector turns into an ideal capacitor
without the application of bias voltage at around 5.2 K, however, to achieve a good charge
collection efficiency detector needs to operate at a significantly large voltage. Similar findings
were published by other researchers [164], however, no clear physics explanation was given. A
cluster dipole formation model developed by Mei was applied to explain such behavior. The
requirement for the large bias voltage at low temperature was attributed to the formation of

cluster dipole states. A paper has been published on these findings by our group [156].

Several improvements can be done in a future study. The process parameters can be optimized
in order to achieve a more homogeneous interface between a-Ge and crystalline Ge surfaces. Barrier
height can be optimized and leakage current minimized. Large-size detector with a-Ge contacts
can be fabricated to test the robustness of a-Ge contact. The spectral analysis of energy resolution
of the detector can be made at around LHe temperature with optimized electronic noise. With a
guard-ring structure detector, both bulk leakage current and surface leakage current characteristics
can be studied. A study of leakage current at a wide temperature range might help to understand
the surface properties of the detector better. In the future, freeze-out temperature dependence on
the impurity concentration of the crystal can be studied. Also, cluster dipole formation can be
investigated and its relationship with the impurity concentration of the crystal and bias voltage.
Further, time-dependent charge collection efficiency dependence on the net impurity concentration
of the crystal can be studied. From our work, a net impurity concentration greater than the order

of a few times 1010 ¢m3

is needed to observe such phenomena. Another avenue of study can be a
study based on the pulse shape analysis at around LHe temperature. This can also help develop a
model to find out the mobility of charge carrier dependence on temperature. Currently, available

mobility data have large uncertainties at lower temperatures.
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