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We investigated charge transport in an n-type germanium detector at 5.2 K to
explore new technology for enhancing low-mass dark matter detection
sensitivity. Calculations of dipole and cluster dipole state binding energies and
electric field-dependent trapping cross-sections are critical to developing low-
threshold detectors. The detector operates in two methods: depleting at 77K
before cooling, or directly cooling to 5.2 K and applying different bias voltages.
Results indicated lower binding energy of charge states in the second method, at
zero field and under an electric field, suggesting different charge states formed
under different operating methods. Measured cluster dipole and dipole state
binding energies at zero field were 7.88± 0.64 meV and 8.37± 0.75 meV,
respectively, signifying high low-threshold potential for low-mass dark matter
searches in the future.
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1 Introduction

The interaction between dark matter (DM) and ordinary matter is limited to weak elastic
scattering processes, resulting in only a small energy deposition from nuclear or electron
recoil (Ahmed et al., 2011; Armengaud et al., 2012; Zhao et al., 2013). This highlights the
need for a detector with a very low energy threshold to detect DM (Mei et al., 2018). The LZ
experiment has pushed the sensitivity for weakly interacting massive particles (WIMPs) with
a mass greater than 10 GeV/c2 to the point where the neutrino-induced background limits its
sensitivity (Aalbers et al., 2022). However, the recent emergence of low-mass DM in theMeV
range has generated excitement as a DM candidate, although current experiments cannot
detect it due to its small mass (Essig et al., 2012; Hochberg et al., 2016; Agnese et al., 2018;
Arnaud et al., 2020; Al Kharusi et al., 2023; Berghaus et al., 2023). The detection ofMeV-scale
DM requires new detectors with thresholds as low as sub-eV, since both electronic and
nuclear recoils from MeV-scale DM range from sub-eV to 100 eV (Essig et al., 2012).
Conventional detector techniques cannot detect this low-mass DM.

Germanium (Ge) detectors have the lowest energy threshold among any current detector
technology, making them ideal for low-mass DM searches (Armengaud et al., 2012; Agnese
et al., 2014; Armengaud et al., 2018; Agnese et al., 2019). The band gap of Ge at 77K is 0.7 eV
and the average energy required to generate an electron-hole pair in Ge is about 3 eV (Wei
and Mei, 2017). Thus, a Ge detector can provide a very low energy threshold. Furthermore,
proper doping of the Ge detector with impurities can expand the parameter space for low-
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mass DM searches even further. Shallow-level impurities in Ge
detectors have binding energies of about 0.01 eV, and can form
dipole states and cluster dipole states when operated at temperatures
below 10K (Mei et al., 2018; Bhattarai et al., 2021; Mei et al., 2022).
These dipole states and cluster dipole states have even lower binding
energies than the impurities themselves, providing a potential
avenue for detecting low-mass DM. Although the binding
energies of impurities in Ge is well understood (Vénos et al.,
2000; Sundqvist et al., 2009), little is known about the binding
energy of the dipole states and cluster dipole states near helium
temperature.

At low temperatures near liquid helium, residual impurities in
germanium freeze out from the conduction or valence band into
localized states, forming electric dipoles (D0* for donors and A0* for
acceptors) or neutral states (D0 and A0). These dipole states have the
ability to trap charge carriers and form cluster dipole states (D+* and
D−* for donors, and A+* and A−* for acceptors) (Mei et al., 2022) as
shown in Figure 1. This phenomenon has been studied in detail in a
previous work by Mei et al. (2022). When an alpha particle (α) from
an 241Am decay is sent to a Ge detector, it deposits energy and creates
electron-hole pairs within a 10 μm range from the surface of the
detector (Ziegler et al., 2010; Arnquist et al., 2022). By applying a
positive or negative bias voltage to the bottom of the detector and
operating it at a cryogenic temperature of approximately 4 K, only
one type of charge carrier is drifted through the detector. These free
carriers acquire kinetic energy from the electric field’s work-done
during the drift process. This kinetic energy gain results in an
increase in the temperature of the free charge carriers. It is
crucial, however, to distinguish this temperature change from the
environmental temperature, such as the cryostat temperature held at
5.2 K. The external temperature remains unaffected during this
process. A minimal increase in temperature due to the kinetic
energy gain does not alter the thermal velocity but signifies a

crucial step in the process required to free the trapped charges,
namely, collisions. As a consequence of the collisions with the
localized states, these drifted charge carriers undergo a dynamic
process of elastic scattering, trapping, and de-trapping, allowing us
to study the binding energy of the formed dipole states and cluster
dipole states. In this study, an n-type Ge detector is operated in two
different methods, applying different bias voltages and cooling the
detector to cryogenic temperature. The main objective of this study
is to explore binding energies and trapping cross-sections in an
n-Type Ge Detector at low temperatures, with a specific focus on
examining the emission of charge carriers from dipole and cluster
dipole states.

2 Experimental procedure

The USD crystal growth and detector development
infrastructure is a state-of-the-art facility equipped with a zone
refining process for purifying commercial ingots to a high level
of purity suitable for crystal growth using the Czochralski method
(Wang et al., 2012; Yang et al., 2014; Raut et al., 2020). This results in
high-quality homegrown crystals that are used for the fabrication of
n-type (R09-02) detectors in the USD detector fabrication lab (Panth
et al., 2022). The R09-02 detector has a net impurity concentration
of 7.02 × 1010/cm3 and dimensions of 11.7 mm × 11.5 mm × 5.5 mm.
We employed the van der Pauw Hall Effect measurement technique
to determine and characterize both the net carrier concentration and
the material type of our selected samples. The Hall voltage across the
sample is one of the most basic parameters we measure. The net
carrier concentration and carrier type were derived from the Hall
coefficient, which shows a linear relationship with the applied
magnetic field. Furthermore, the longitudinal resistivity
measurements enabled us to calculate the conductivity and Hall
mobility.In our sample preparation process, we utilized an etchant
consisting of a 1:4 mixture of hydrofluoric acid and nitric acid. This
etchant was applied to samples cut from a crystal grown at USD,
with an etching duration of three to 4 min, effectively eliminating
surface imperfections and yielding a smooth and homogeneous
surface. To establish Ohmic connections, we employed Gallium
Indium eutectic, connecting it to the four corners of the samples, all
of which were p-type. Subsequently, we subjected these van der
Pauw samples to a heat treatment at 360°C for 30 min, allowing the
Ge sample to properly absorb the Gallium Indium eutectic. Our
measurements were conducted one sample at a time using the
Ecopia HMS-3000 Hall Effect apparatus, complemented by a
permanent magnet generating a field strength of 0.55 T. These
measurements were performed at a liquid nitrogen temperature
of 77 K. In accordance with the IEEE Standard, we determined the
Hall mobility of the sample to be approximately 3.7 × 104 cm2/Vs,
with a measurement uncertainty of 5%. Importantly, this value
closely aligns with the IEEE Standard and is supported by prior
research 239 (IEEE, 1993; Raut et al., 2020). The detector is mounted
inside of a pulse tube refrigerator (PTR), which lowers its
temperature from room temperature to almost liquid helium
temperature. To provide accurate temperature readings, we
installed two temperature sensors inside the cryostat. The first
sensor is positioned at the bottom of a copper plate on which the
detector rests on a thin sheet of indium foil, while the other sensor is

FIGURE 1
The mechanisms involved in the formation of dipole states and
cluster dipole states in an n-type (upper) and p-type (lower) Ge
detector operating at temperatures around 5 K, where �p and �q are the
respective dipole moments.
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positioned on top of another copper plate near the top surface of the
detector. By sandwiching the detector between these two sensors, we
can measure its temperature with a 0.5 K accuracy. The schematic
diagram of the PTR is shown in Figure 2. To calibrate the detector,
we utilized an Am-241 source and observed a distinct peak at
3.7 MeV under cryogenic conditions at 77 K. This energy peak
served as our reference point for calculating the charge collection
efficiency at various bias voltages. For each of these bias voltages, we
calculated the mean energy by performing energy spectrum

measurements at regular 2- to 3-min intervals over a 60-min
duration. We subsequently conducted Gaussian fitting to
determine the mean energy within each time interval, which was
then plotted against time. We calculated the overall mean energy for
each bias voltage by taking the average of these energies. To ascertain
the charge collection efficiency at 5.2 K (as exemplified in 10 for
different biases for method 1), we divided the mean energy obtained
from the energy versus time plot by the reference energy of 3.7 MeV.
Our set up of measurement electronics, used for characterizing the

FIGURE 2
The labelled schematic diagram of the pulse tube refrigerator (PTR) used in this experiment for cooling down the detector R09-02 upto 5.2 K.

FIGURE 3
The labelled picture of the energy spectrum measurement system used in this experiment Wei et al. (2020).
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detectors, consists of a multimeter linked to a transimpedance
amplifier, used in measuring leakage current. Additionally, we
integrated signal processing electronics designed for precise signal
readout. These signal readout electronics consisted of an AC-
coupled charge-sensitive preamplifier, followed by a commercially
available analog pulse-shaping amplifier. This configuration allowed
us to not only undertake energy deposition measurement in the
detector but also measure detector capacitance as a function of the
applied detector voltage. To capture the energy spectrum effectively,
we employed an ORTEC MCA (Multi-Channel Analyzer). A well
labelled picture of the energy measurement system is shown in
Figure 3. We calibrated alpha energy at 1800 V and 77.8 K, by
observing the well-known gamma peak of 59.5 keV emitted by Am-
241 as a steadfast reference point. Importantly, we adhered to this
setup consistently throughout calibrations conducted at lower
temperatures. As a part of our comprehensive testing procedure,
we recorded the pulser peak, which served to understand the
electronics noise level of the test system. Subsequently, we
analyzed both the full width at half maximum (FWHM) of the
59.5 keV peak and the pulser peak, employing dedicated MCA
software for examination and assessment.

Based on the capacitance measurements published in Ref Mei
et al. (2022), we selected a working temperature of 5.2 K. The
capacitance measurements show that at temperatures below
6.5 K, the capacitance is constant. We selected a working
temperature of 5.2 K to guarantee that the capacitance is steady
so that error can be minimized.

To ensure optimal electrical performance, an amorphous Ge
passivation layer of 600 nm was coated on the surface of the Ge
crystal as the electrical contact, effectively blocking surface charges
(Wei et al., 2018; Bhattarai et al., 2020). An alpha source (241Am) was
positioned near the detector inside a cryostat, and the energy
deposition of α particles was measured. This creates localized
electron-hole pairs near the top surface of the detector, and the
electrons are drifted through the detector by applying a positive bias
voltage to the bottom of the detector. The experimental setup for this
measurement is illustrated in Figure 4.

2.1 Method 1

In this method, an n-type planar detector is first cooled to 77K
and a bias voltage is applied, gradually increasing until the detector is
fully depleted at 1,200 V. The bias is then increased by an additional
600 V to become the operational voltage. The detector is then cooled
down to 5.2 K while still under the applied operational voltage. The
R09-02 detector used in this study, was depleted at 77 K with a
depletion voltage of 1200 V and an operational voltage of 1800 V.
An alpha source (241Am) emitting alpha particles with an energy of
5.3 MeV was positioned above the detector within the cryostat. The
energy spectrum was measured for the energy deposition of the
5.3 MeV alpha particles, which was visible as a 3.7 MeV energy peak
due to energy loss on the way to the detector’s active region. This
3.7 MeV energy deposition served as a reference for the energy
deposition of 5.3 MeV alpha particles in the n-type detector without
charge trapping, as the detector charge trapping at 77 K with a bias
of 1800 V was negligible. The data were collected with a bias voltage
applied in descending order from 1800 V to 30 V at 5.2 K, with
histograms of energy deposition by alpha particles recorded every
2–3 min for 60 min at each bias voltage. The charge collection
efficiency was determined by dividing the measured alpha energy
peak by 3.7 MeV for a given bias voltage. At 77 K, the depletion
process causes all the free charge carriers to be swept away, leaving
only the space charge states, D+, behind. Upon cooling to 5.2 K, a
charge trapping process occurs, resulting in the formation of dipole
states as electrons drift across the detector (Mei et al., 2022).
Continued drift of electrons across the detector can result in de-
trapping of charge carrier through impact ionization of the dipole
states (Mei et al., 2022). The key charge-trapping and de-trapping
processes are described below:

e− +D+ → D0*, e− +D0* → 2e− +D+. (1)
In this method, the operation of the n-type planar detector

begins with the formation of dipole states via charge trapping as a
result of the Coulomb force between the space charge states and the
drifting electrons at low fields. The second process is the release of

FIGURE 4
The detector is loaded into a pulse tube refrigerator (PTR), and two temperature sensors mounted above and below the detector are used to
determine the temperature of the detector.
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trapped charge through impact ionization of the dipole states,
known as charge de-trapping. In Method 1, when a positive bias
voltage is applied, electrons are drifted across the detector, leading to
the formation of dipole states D0* through the space charge states of
D+. As the bias voltage decreases, the drifted electrons lose more
kinetic energy and are capable of being trapped by the dipole states.
This trapping process increases as the bias voltage is decreased as
shown in Figure 5. By examining the time-dependent behavior of
this trapping process, we are able to determine the binding energy of
the dipole states.

2.2 Method 2

In this method of operation, the n-type planar Ge detector is
cooled directly to 5.2 K without any applied bias voltage. Once
cooled, the detector is then biased to the desired voltage level. At
these low temperatures, impurities in the Ge crystal freeze out from
the conduction or valence band to form localized states that result in
the creation of dipole states. As it is an n-type detector, the majority
of these dipole states are D0* (Mei et al., 2022). When an α source is
placed near the detector, the resulting α-particle-induced electron-
hole pairs are created on the surface of the detector. Upon applying a
positive bias voltage to the bottom of the detector, the electrons
created by the α particles are drifted across the detector, leading to
the following processes occurring within the detector:

e− +D0* → D−*, e− +D−* → 2e− +D0*. (2)
The first process in this method is a trapping of charges by the

Coulomb forces exerted by the dipole states on the drifted electrons,
resulting in the formation of cluster dipole states. The second
process is a de-trapping of charges through impact ionization of

the cluster dipole states. The detector experiences a dynamic process
of charge trapping, transport, and creation. The study of the time-
dependent de-trapping of charges through the impact ionization of
cluster dipole states helps us determine their binding energy.Once
the temperature reached 5.2 K, a positive bias voltage was gradually
applied from the bottom of the detector, causing the electrons
created on the surface to be drifted across the detector under the
electric field. Energy spectrummeasurements were taken at different
bias voltages of 30 V, 100 V, 200 V, 300 V, 450 V, 600 V, 1200 V,
and 1800 V. Similar to Method 1, data were taken for 60 min at each
bias voltage with histograms of energy deposition by alpha particles
recorded every 2–3 min.

When comparing the two operational methods, it can be noted
that in Method 2, the dipole states are formed at 5.2 K without any
applied bias voltage. These dipole states rapidly trap charges as soon
as the electrons are drifted across the detector, resulting in a shorter
trapping time and lower binding energy. In contrast, in Method 1,
the dipole states are formed in the space charge region when
electrons are drifted across the detector with an applied bias
voltage. Dipole states may exhibit significantly extended trapping
periods due to their association with localized energy levels
stemming from defects within the germanium crystal lattice.
Additionally, the proximity of multiple charge carriers gives rise
to cluster dipole states. This clustering enhances the effective density
of dipole states and increases the likelihood of charge carriers
encountering them. Consequently, charge carriers can be
captured more efficiently in comparison to individual dipole
states, leading to shorter trapping times. Therefore, it is expected
that the trapping time can be longer and the binding energy of the
dipole states will be higher than that of the cluster dipoles.

2.3 Physics model

If a positive bias voltage is applied to the bottom of the detector,
electrons produced by the α particles from the 241Am source, which
is located above the detector within the cryostat, can be drifted
across the detector. This drifting of electrons leads to the formation
of cluster dipole states, D−*, through the charge trapping between the
dipole states and the drifted electrons. As the bias voltage increases,
the trapped charge carriers in dipole states gain more kinetic energy
by collision with the drifting ones and begin to release from the
traps, resulting in a decrease in the number of cluster dipole states
and an increase in electric dipole states. Specifically, at low fields,
charge carriers generated by alpha particles face a greater probability
of becoming trapped before they can accumulate sufficient energy
for impact ionization. Conversely, at high fields, impact ionization
takes precedence, as trapping becomes less probable for highly
energetic charge carriers. It is worth noting that our discussion
primarily pertains to charge carriers that become trapped and
contribute to the formation of clusters, rather than those with
high energy levels. The process of de-trapping is primarily driven
by collisions between the drifting charge carriers and the trapped
charges, as opposed to being influenced by thermal emission.
Conversely, the release of these trapped charges results from
their absorption of phonons generated by the drifting charges
under the influence of the electric field. These phonons play a
crucial role in this dynamic process. In both methods, the

FIGURE 5
The mean energy deposition (Edep) versus time (t) for detector
R09-02 inMethod 1. As an example, themean energy deposition (Edep)
and time (t) recorded for a bias voltage of 200 V have been plotted for
detector R09-02 when it is operated in Method 1. The error in
Edep originates from the determination of energy deposition, while the
error in t is primarily due to the determination of recorded time. A
linear fit (Edep= p0 × t+ p1) was applied to the portion of the plot where
the emission of charge carriers is higher than the trapping of charge
carriers. The slope (p0) of the fit was calculated to be 0.235 ± 0.025
and the intercept (p1) was 2687.09 ± 138.8. It is important to note that
the slope represents the emission rate of charge (en) in Eq. 3.
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emission rate of the charge carriers is time-dependent and reaches a
balance when the charge de-trapping and charge trapping are equal.
At low bias, electrons gets trapped in cluster dipole states and as the
bias is increased in steps it allows for more and more de-trapping to
take place. At a sufficient bias voltage, such as around 1800 V, charge
trapping becomes negligible and the charge emission also becomes
negligible. The emission rate (en) of the charge carriers can be
mathematically expressed as: Lee et al. (1999).

en � σtrapvthNc exp − EB

kBT
( ), (3)

where σtrap represents the trapping cross-section, vth is the thermal
velocity, Nc = 2.46 × 1015/cm3 is the effective density of states of
electrons in the conduction band at 5.2 K, EB is the binding energy of
the trapped charge carriers, kB is the Boltzmann constant, and T is
the temperature of the detector.

By using the experimental data to directly determine en and by
knowing the values of vth (Mei et al., 2022), Nc (Conwell, 1955), and
T, one can obtain the binding energy of dipole states or cluster dipole
states from Eq. 3, provided the value of the trapping cross-section,
σtrap, is known. However, determining the value of σtrap requires
further calculation, as will be discussed.

The trapping cross-section (σtrap) of the charge carriers is related
to the trapping length (λth) through the following relation: (Phipps,
2016; Mei et al., 2020):

σtrap � 1
NA+ND ± NA−ND| |

2( ) × λth ×
vtot
vd

( ), (4)

where NA and ND represent the p-type and n-type impurities,
respectively. vtot is the total velocity of the drift electrons, and vd
is the drift velocity. The drift velocity can be determined using the
expression: vd ≈ μ0E

1+μ0E/vsat, where E represents the electric field E = V/
d, with V as the applied bias voltage and d as the thickness of the
planar detector. Since the drift velocity is dependent on the electric
field, its values in this study vary from approximately 2.05 × 106 cm/s
to 1.38 × 107 cm/s. The thermal velocity, denoted as vtherm, calculated
at 5.2 K is 4.44 × 106 cm/s, and it is determined by the equation
vtherm=

��������
3kBT/m*

√
. Trapping length (λth) refers to the distance along

z-axis over which charged carriers created by the interaction of alpha
spectra within the germanium crystal can move before being
captured by dipoles and cluster dipole states (Mei et al., 2022).
Additionally, the charge collection efficiency (ε) of a planar Ge
detector can be related to the trapping length (λth) through the
following formula (He, 2001; Mei et al., 2020):

ε � λth
L

1 − exp − L

λth
( )( ), (5)

where L = 5.5 mm represents the detector thickness. Therefore, the
trapping cross-section is linked to the charge collection efficiency
through the following relationship:

σtrap �
1 − exp − L

λth
( )

NA+ND ± NA−ND| |
2( ) × ε × L × vtot

vd
( ), (6)

The determination of the charge collection efficiency (ε) in a
planar Ge detector enables us to calculate the charge trapping

cross-section (σtrap) using Eq. 6. The necessary inputs, such as the
net impurity concentration (NA + ND ±|NA − ND|), are known
from the Hall effect measurement and capacitance-voltage
measurements, while the electric field (E) in the detector can
be obtained using the applied bias voltage.

With the calculated values of ε and the known thickness of the
detector (L), we can find λth from Eq. 5. The total velocity (vtot) of the
charge carriers is the combination of their thermal velocity (vth) and
the saturation velocity (vsat). By combining the equations for λth and
vtot, we can determine the electric field-dependent trapping cross-
section (σtrap) Mei et al. (2020).

In an n-type Ge detector, the emission rate (en) of charge
carriers from the traps is measured during operation in both
Method 1 and Method 2. The energy versus time plot is used to
determine the emission rate by analyzing the slope of the plot
after a given bias voltage has been applied to the detector. By
combining this value with Eq. 3, we can find the binding energy of
dipole states and cluster dipole states in the n-type Ge detector at
cryogenic temperature.

3 Result and discussion

Figure 6, Figure 7 demonstrate the energy deposition from
5.3 MeV alpha particles in the n-type detector when it operates
under Method 1 and Method 2, respectively. The charge
collection efficiency of the detector is determined by
comparing the mean total energy deposited at 5.2 K with a
specific bias voltage to the mean energy deposited at 77 K
when the detector was depleted and operated with a bias
voltage of 1800 V. For instance, the mean energy observed at
77 K with a bias voltage of 1800 V was 3.7 MeV, while the mean
energy observed at 30 V at 5.2 K was 0.725 MeV. This results in a
charge collection efficiency of 19.6% (ε = 0.725 MeV/3.7 MeV) in
Method 2. Figure 8 shows the charge collection efficiency as a
function of the applied bias voltage when the detector is operated
in Method 1& 2. The trapping length (λtrap) of the charge carriers
was then calculated using Eq. 5 based on the charge collection
efficiencies obtained at various bias voltages and the thickness (L)
of the detector (5.5 mm). The calculated values are presented in
Figure 9.

The relationship between the trapping cross-section and the
applied bias voltage obtained by using equation 6 is illustrated in
Figure 10.

The slope of the portion of the plot where the emission of charge
carriers is dominant provides the charge-energy emission rate per
unit of time (Et). By dividing Et by the binding energy of the dipole
states or cluster dipole states (Eb), the emission rate of electrons en
can be obtained. These emission rates are then utilized in equation 3
to numerically determine the binding energy for the respective
dipole states or cluster dipole states. The calculated binding
energies are presented in Table 1.

The binding energy measured by the detector in Method
1 pertains to the dipole states, whereas Method 2 provides data
on the binding energy of the cluster dipole states. Additionally, the
binding energy values obtained at varying bias voltages demonstrate
a relationship with the electric field. As the electric field strength
intensifies, the deformation potential undergoes modifications,
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FIGURE 6
The energy deposition of 5.3 MeV α particles in an n-type detector operating in Method 1.

FIGURE 7
The energy deposition of 5.3 MeV α particles in an n-type detector operating in Method 2.

FIGURE 8
The graph of charge collection efficiency (ε) versus applied
electric field (E) for Detector R09-02 at Method 1 and Method 2 has
been plotted, with errors taken into account. The error in ε is based on
themeasurement of the mean energy deposition, while the error
in E is largely influenced by the bias voltage applied. A fitting model,
ε � p0 + [(p1 × exp(−(p2) × E)], was utilized to curve-fit the data,
resulting in the following fitted parameters: p0 = 1.01 ± 0.008,
p1 = −0.973 ± 0.001, and p2 � (0.0033 ± 0.0003) cmV for Method 1 and
p0 = 1.008 ± 0.008, p1 = −0.974 ± 0.001, and p2 �
(0.0027 ± 0.0003) cmV for Method 2 respectively.

FIGURE 9
The graph of charge collection efficiency (ε) versus trapping
length (λtrap) for an n-type Detector R09-02 has been plotted, taking
into account the errors. The error in ε is derived from the measured
mean energy deposition, while the error in λ is calculated using
the propagation of error in Eq. 5. A fittingmodel, ε � p0

1+(p1 × exp(−p2 × λtrap)),
was applied to fit the data, resulting in the following fitted parameters:
p0 = 0.9847 ± 0.012, p1 = 4.84 ± 0.45, and p2 = (3.3 ± 0.39)/cm.
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particularly under higher electric fields. Consequently, the binding
energy exhibits a dependency on the electric field’s magnitude,
which should be appropriately described as the effective binding
energy influenced by the electric field. Essentially, this implies that,
in the presence of higher electric fields, carriers are more prone to
escaping from traps, thereby enhancing their contribution to the
overall charge transport within the detector. As shown in Figure 11,
the binding energies are plotted as a function of the electric field at a
temperature of 5.2 K.

In Method 1, the binding energies of the dipole states (D0*)
vary from 5.99 meV to 8.05 meV depending on the electric field.
When the electric field is zero, the average binding energy is

calculated to be 8.369 ± 0.748 meV, which is the sum of p0 + p1.
Similarly, the binding energies of the cluster dipole states (D−*) in
Method 2 range from 4.52 meV to 8.15 meV based on the applied
electric field. At zero field, the average binding energy is 7.884 ±
0.644 meV. The results indicate that the binding energy at zero
field for D0* states is greater than that of D−* states. Moreover,
Figure 11 reveals that D−* states are more sensitive to the electric
field than D0* states. It should be noted that the binding energies
at zero field for both D0* states and D−* states are lower than the
binding energies of ground state impurity atoms in a Ge detector,
which typically fall within the range of 10 meV.

FIGURE 10
The graph of the variation of trapping Cross-Section (σtrap) with
the applied bias field (E) in detector R09-02 has been plotted for both
Method 1 and Method 2, considering the errors. The error in σtrap is
calculated using the propagation of error in Eq. 6 while the error
associated with E is primarily due to the applied bias voltage. A fitting
model, σtrap= p0 − [(p1) ×exp(−p2 × E)], was used to fit the data, with the
following fitted parameters for Method 1: p0 = (1.34 × 10−13 ± 1.83 ×
10−14) cm2, p1 = −(5.17 × 10−11 ± 7.4 × 10−12) cm2, and
p2 � (0.00425 ± 0.00014) cmV . For Method 2, these values are: p0 =
(3.38 × 10−13 ± 1.69 × 10−14) cm2, p1 = −(5.20 × 10−11 ± 5.21 × 10−12) cm2,
and p2 � (0.000335 ± 0.00012) cmV .

TABLE 1 The binding energy and trapping cross-section of R09-02 at 5.2 K forMethod 1 andMethod 2. The errors associated with each value are either the result of
measurement errors or the error calculated from the equations used in the paper.

Method 1 Method 2

Bias
voltage (V)

Electric
field(V/cm)

Slope
(eV/s)

Binding
Energy(meV)

Trapping cross-
section(cm2)

Slope(eV/
s)

Binding
Energy(meV)

Trapping cross
section(cm2)

30 54.54 ± 4.00 53.12 ±
2.65

8.05 ± 0.40 (3.99 ± 0.19) × 10−11 62.2 ± 3.11 8.15 ± 0.40 (4.90 ± 0.24) × 10−11

100 181.81 ± 4.00 236 ± 11.8 7.09 ± 0.35 (2.26 ± 0.11) × 10−11 72.7 ± 3.61 6.58 ± 0.32 (2.51 ± 0.13) × 10−11

200 363.63 ± 4.00 235.2 ±
11.76

6.71 ± 0.33 (1.03 ± 0.05) × 10−11 92.3 ± 4.61 6.33 ± 0.31 (1.37 ± 0.06) × 10−11

300 545.45 ± 4.00 275.9 ±
13.79

6.54 ± 0.33 (8.59 ± 0.42) × 10−12 87.4 ± 4.37 6.20 ± 0.31 (1.17 ± 0.06) × 10−11

450 818.18 ± 4.00 59.5 ± 2.97 5.93 ± 0.29 (5.27 ± 0.26) × 10−13 68.2 ± 3.41 5.47 ± 0.27 (2.93 ± 0.14) × 10−12

650 1,181.81 ± 4.00 29.5 ± 1.47 5.94 ± 0.28 (2.67 ± 0.13) × 10−13 35.3 ± 1.76 5.19 ± 0.30 (1.67 ± 0.08) × 10−12

1800 3272.72 ± 4.00 13.6 ± 0.68 5.99 ± 0.30 (1.35 ± 0.06) × 10−13 19.4 ± 0.97 4.52 ± 0.22 (3.39 ± 0.17) × 10−13

FIGURE 11
The binding energies of the dipole states and the cluster dipole
states have been determined as a function of the applied electric field
under two different operational methods, Method 1 and Method 2.
The error in the binding energy measurement was calculated,
while the error in the electric field measurement was dominated by
the precision of the applied bias voltage. To analyze the data, a fit
model was used, specifically EB =p0 + [(p1) × exp(−(p2) × E)], which
resulted in the following fitted parameters: ForMethod 1, p0 was found
to be (5.92±0.21) meV, p1 was (2.44 ± 0.52) meV, and p2 was (0.0033 ±
0.01) cmV . For Method 2, p0 was (4.54 ± 0.24) meV, p1 was (3.33 ± 0.39)
meV, and p2 was (0.00154 ± 0.0004) cm

V .
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4 Conclusion

Our study of binding energies and trapping cross-sections in an
n-type Ge detector operating at a low temperature has revealed
valuable insights. Our measurements indicate that the binding
energy of dipole states is 8.369 ± 0.748 meV and the binding
energy of cluster dipoles is 7.884 ± 0.644 meV, both of which are
lower than the typical binding energy (around 10 meV) of ground
state impurities in Ge. We found that at a temperature of 5.2 K, the
thermal energy of 0.448 meV is much lower than these binding
energies, indicating that the corresponding cluster dipole states and
dipole states are thermally stable at a temperature of 5.2 K. The
application of an electric field causes the smaller binding energy of
cluster dipoles to result in increased de-trapping via impact
ionization when compared to dipole states. The trapping cross
section, which ranges from 3.99 × 10−11cm2 to 1.35 × 10−13cm2, is
primarily influenced by the electric field. Our findings further
demonstrate that the binding energy and trapping cross-section
decrease as the electric field within the detector increases. These low
binding energies suggest the potential for developing a low-
threshold detector using appropriately doped impurities in Ge for
low-mass dark matter searches.
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