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Abstract
This study investigates new technology for enhancing the sensitivity of low-mass 
dark matter detection by analyzing charge transport in a p-type germanium detec-
tor at 5.2 K. To achieve low-threshold detectors, precise calculations of the binding 
energies of dipole and cluster dipole states, as well as the cross sections of trapping 
affected by the electric field, are essential. The detector was operated in two modes: 
depleted at 77 K before cooling to 5.2 K and cooled directly to 5.2 K with vari-
ous bias voltages. Our results indicate that the second mode produces lower binding 
energies and suggests different charge states under varying operating modes. Nota-
bly, our measurements of the dipole and cluster dipole state binding energies at zero 
fields were 8.716 ± 0.435 meV and 6.138 ± 0.308 meV, respectively. These findings 
have strong implications for the development of low-threshold detectors for detect-
ing low-mass dark matter in the future.

Keywords  Dipole states · Cluster dipole states · Binding energy · Dark matter · 
Low-threshold detectors

1  Introduction

The interaction between dark matter (DM) and ordinary matter results in only a 
small amount of energy being deposited through nuclear or electron recoil, which 
is limited to weak elastic scattering processes  [1, 2]. Therefore, detectors with 
extremely low energy thresholds are required to detect DM [3–5]. Despite the mod-
est mass of MeV-scale DM, its recent recognition as a potential DM candidate has 
generated interest. Unfortunately, current large-scale experiments are unable to 
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detect MeV-scale DM due to its low mass. To detect MeV-scale DM, new detectors 
with sub-eV thresholds are needed as both electronic and nuclear recoils from MeV-
scale DM range from sub-eV to 100 eV [6–8].

The detection of low-mass DM using conventional techniques is challenging. How-
ever, germanium (Ge) detectors offer a promising solution as they have the lowest 
energy threshold among current detector technologies, making them ideal for low-
mass DM searches [2, 9–11]. Ge has a bandgap of 0.7 eV at 77 K, and an average 
energy of 3 eV is required to generate an electron–hole pair [12]. This lower bandgap 
in Ge is very favorable for the detection of low-mass DM. Furthermore, proper doping 
of the Ge detector with impurities can expand the parameter space for low-mass DM 
searches. Shallow-level impurities in Ge detectors have binding energies of about 0.01 
eV, which can form dipole states and cluster dipole states at temperatures below 10 K 
[13, 14]. These states have even lower binding energies than the impurities themselves, 
offering a potential avenue for detecting low-mass DM. Although the binding energies 
of impurities in Ge are well understood [15, 16], the binding energies of the dipole 
states and cluster dipole states near helium temperature is still poorly understood.

As temperatures approach liquid helium levels, any remaining impurities in Ge 
detectors freeze out of the conduction or valence band and transit into localized 
states, forming electric dipoles ( D0∗ for donors and A0∗ for acceptors) or neutral 
states ( D0 and A0 ) [13]. These dipole states have the ability to trap charge carriers 
and can form cluster dipole states (D+ and D− for donors, and A+ and A− for accep-
tors) [13]. Figure 1 depicts the formation of dipole states and cluster dipole states at 
temperatures below 10 K.

Previous studies by Mei et al. have thoroughly examined this phenomenon [13]. 
When an alpha particle ( � ) from 241 Am decay is directed toward a Ge detector, it 
creates electron–hole pairs within a range of 10 μm from the detector’s surface 
[17–19]. By operating the detector at a cryogenic temperature of approximately 4 K 

Fig. 1   An illustration of the 
processes that lead to the 
development of excited dipole 
states and cluster dipole states in 
an n-type (upper) and a p-type 
(lower) Ge detector operated at 
temperatures below 10 K, where 
p⃗ and q⃗ are the corresponding 
dipole moments [13]
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and applying a positive or negative bias voltage to the bottom of the detector, only 
one type of charge carriers is drifted through it. To study the binding energy of the 
formed dipole states and cluster dipole states, these drifted charge carriers undergo a 
dynamic process of elastic scattering, trapping, and de-trapping. In this experiment, 
a p-type Ge detector is run in two different modes with different bias voltages while 
being cooled to cryogenic temperature. Similar experiment and its results for an 
n-type Ge detector operating in these two modes have already been published [20].

2 � Experimental Procedure

The state-of-the-art infrastructure at USD for crystal growth and detector develop-
ment includes a zone refining process for highly purifying commercial ingots, which 
can be used for crystal growth with the Czochralski method [21–24]. This enables 
the USD detector fabrication laboratory to produce superior homegrown crystals 
that are utilized for creating p-type (RL) detector with a net impurity concentration 
of 6.2 × 109∕cm3 and dimensions of 18.8 mm × 17.9 mm × 10.7 mm. The detector 
was fabricated using a sputtering technique, which deposits an amorphous Ge layer 
on the top, sides, and bottom of the detector to form electrical contacts. The detailed 
fabrication process has been published in our previous work titled "Fabrication and 
Characterization of High-Purity Germanium Detectors with Amorphous Germa-
nium Contacts" by Meng et al. [25]. To ensure optimum electrical performance, an 
amorphous Ge passivation layer of 600 nm is applied to the surface of the Ge crystal 
as the electrical interface to successfully block surface charges [12, 26].

The detector is mounted inside a pulse tube refrigerator, which cools it down to 
nearly liquid helium temperature from room temperature. To ensure accurate tem-
perature measurements, we have installed two temperature sensors inside the detec-
tor housing. One sensor is placed at the bottom of a copper plate on which the detec-
tor rests on a thin indium foil, while the other is located on top of another copper 
plate close to the top surface of the detector. By positioning the detector between 
these two sensors, we can measure its temperature with an accuracy of 0.5 K. The 
temperature readings from the two sensors are always within 0.5 K of each other.

We chose a working temperature of 5.2 K based on the capacitance measurements pre-
sented in Ref. [13]. The capacitance measurements indicate that the capacitance remains 
constant when the temperature is below 6.5 K. To ensure that the capacitance remains 
stable and to err on the side of caution, we chose a working temperature of 5.2 K.

In the experiment, an alpha source ( 241Am) was placed near the detector inside 
a cryostat to measure the energy deposition of �-particles, creating localized elec-
tron–hole pairs near the top surface of the detector. By applying a negative bias volt-
age to the bottom of the detector, the holes are drifted through the detector. The 
experiment was conducted using two modes of operation.

In Mode 1, the RL detector was operated at 77 K with a depletion voltage of − 400 
V and an operational voltage of − 1200 V. An �-source ( 241Am) emitting �-particles 
with energy of ∼ 5.5 MeV was placed in close proximity to the detector inside the cry-
ostat. The resulting energy spectrum was measured to detect the energy deposition of 
the ∼ 5.5 MeV �-particles, which was visible as a 3.92 MeV energy peak due to energy 
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loss en route to the detector’s active region. The negligible detector charge trapping at 
77 K with a bias of − 1200 V made the 3.92 MeV energy deposition an ideal reference 
for determining the energy deposition of ∼ 5.5 MeV alpha particles in the p-type detec-
tor without charge trapping. To calculate the charge collection efficiency, the measured 
alpha energy peak was divided by 3.92 MeV for a specific bias voltage.

The detector was cooled down to 5.2 K and maintained fully depleted by a nega-
tive bias voltage of − 1200 V. Following � energy deposition on the detector’s sur-
face, the resulting holes began to drift across the detector. At this temperature, space 
charge could trap holes, leading to the formation of electric dipole states. To investi-
gate these states, the detector was subjected to decreasing bias voltages ranging from 
− 1200 to − 200 V. Energy deposition histograms of alpha particles were recorded 
every 2–3 min for a duration of 60 min at each bias voltage, enabling the collection 
of data on the dipole states and their properties.

When operating in Mode 2, the detector was grounded during the cool-down 
process and the detector was cooled immediately to 5.2 K without any bias voltage 
applied. Once the temperature reached 5.2 K, a negative bias voltage was gradually 
applied from the bottom of the detector, creating an electric field that caused the 
surface-generated holes to drift across the detector. The energy spectrum measure-
ments were taken using bias voltages of − 200, − 300, − 600, − 900, and − 1100 V. 
As in Mode 1, data were collected for 60 min at each bias voltage, with histograms 
of energy deposition by alpha particles recorded every 2–3 min.

Figures 2 and 3 illustrate the energy deposition of the 5.5 MeV � particles emit-
ted from 241 Am decays when the detector was operated in Mode 1 and Mode 2, 
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Fig. 2   The energy deposition of ∼ 5.5 MeV � particles in an p-type detector operating in Mode 1
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Fig. 3   The energy deposition of ∼ 5.5 MeV � particles in an p-type detector operating in Mode 2
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respectively. Both modes were designed to investigate different physical processes, 
which are explained below in terms of their physical processes.

2.1 � Mode 1

A p-type planar detector is first cooled to 77 K in this mode, and then a negative 
bias voltage is applied to the bottom of the detector, gradually raising it until the 
detector is completely depleted at − 400 V. After that the bias is elevated by an addi-
tional 800 volts to reach the operational voltage. The detector is then brought under 
the operational voltage while being cooled down to 5.2 K. At 77 K, the depletion 
process causes all the free-charge carriers to be swept away, leaving only the space 
charge states, A− , behind. Upon cooling to 5.2 K, a trapping process occurs. As the 
holes continue to drift across the detector, the de-trapping process occurs [13]. The 
key trapping and de-trapping processes are described below:

When the detector is operated in negative bias at the bottom, the Coulomb force 
between the space charge states and the drifting holes occurs. The p-type planar 
detector’s operation in this mode starts with the formation of dipole states through 
charge trapping. Charge de-trapping, also known as the second process, involves 
releasing trapped charge by ionizing the dipole states through impact ionization.

We can figure out the binding energy of the dipole states by looking at the time-
dependent behavior of this de-trapping process.

2.2 � Mode 2

The p-type planar Ge detector is directly cooled to 5.2 K in this mode of opera-
tion, with no bias voltage provided. The detector is then biased to the required volt-
age level after cooling. Impurities in the Ge crystal freeze out of the conduction 
or valence band at very low temperatures, forming localized states that give rise 
to dipole states. As it is a p-type detector, the majority of these dipole states are 
A0∗ [13]. When an � source is positioned near the detector, electron–hole pairs are 
created on the detector’s surface. The resulting holes then drift across the detector 
upon application of a negative bias voltage to its bottom. This initiates the following 
processes within the detector:

Operation of the detector in a negative bias mode leads to the production of clus-
ter dipole states as the initial process. These states arise from the Coulomb forces 
exerted on the drifting holes, resulting in the trapping of charges. The second 
process involves the impact ionization of the cluster dipole states, leading to the 
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de-trapping of charges. Charge production, generation, and transport occur dynami-
cally within the detector, and the study of the time-dependent de-trapping of charges 
through the impact ionization of cluster dipole states can provide insights into their 
binding energies.

It is important to note that when comparing the two operational modes, Mode 2 cre-
ates the dipole states at 5.2 K without the requirement for a bias voltage to be applied. 
When the holes cross the detector, these dipole states quickly trap the charges, resulting 
in a shorter trapping time and lower binding energy. In contrast, when an applied bias 
voltage causes holes to drift across the detector, Mode 1 produces the dipole states in 
the space charge area. The trapping time is therefore anticipated to be longer and the 
binding energy of the dipole states to be larger than that of the cluster dipoles.

3 � Physical Model

The following concepts highlight the physics model employed in this investigation. A 
cryogenically cooled HPGe detector placed near an � source causes free charge carriers 
to drift along the detector and become captured in electric dipole states, forming clus-
ter dipole states. The increase in cluster dipole states is accompanied by a decrease in 
electric dipole states, indicating a reduction in charge trapping. Charge carriers trapped 
in the cluster dipole states begin to emit from the traps upon continuously biasing the 
detector. The emission rate of these charge carriers is time-dependent and reaches satu-
ration once all of the trapped carriers have been released. The emission rate can be 
determined using references such as [27, 28]:

where �trap is the trapping cross section, vth is the thermal velocity, N� is the effec-
tive density of states of holes in the valence band, E

B
 is the binding energy of the 

trapped charge carriers, k
B
 is the Boltzmann constant, and T is the temperature of the 

detector.
Equation 3 can be used to obtain the binding energy of dipole states or cluster dipole 

states if the trapping cross section ( �trap ) is known, provided that experimental data is 
used to determine e

n
 directly, along with the values of vth , N� , and T. However, deter-

mining the value of �trap requires additional calculations, as will be explained below.
The relationship between the trapping cross section of charge carriers and the trap-

ping length �trap is described by the following equation [29, 30]:

Where N
A
 and N

D
 represent the p-type and n-type impurities, respectively. Note that 

the method we used to determine these densities is consistent with that used in our 
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previous publication  [29]. Our findings indicate that there is a factor of approxi-
mately 10 difference between N 

A
 and N

D
 , which allows us to utilize N

A
–N

D
 as a suit-

able representation of N
A
 . vtot is the total velocity of the drift holes, and v

d
 is the drift 

velocity, which is electric field dependent and is given by [14],

where �0 is the mobility of the charge carrier when the field is zero and is equal to

and �0(H) is the Hall mobility. The IEEE standard values for �0(H) and r are 
36,000 cm2/Vs for electrons and 42,000 cm2

∕ Vs for holes and 0.83 for electrons and 
1.03 for holes, respectively [31, 32]. The saturation velocity, vsat , can be calculated 
according to an empirical formula below [29].

The saturation velocity at 300 K ( V300
sat

 ) for electrons and holes are 7 × 106 cm/s and 
6.3 × 106 cm/s, respectively. The values of A� for electrons and holes are 0.55 and 
0.61, respectively [33].

Moreover, charge collection efficiency (�
h
) of a planar HPGe detector is related to 

�trap by [29, 30]

where L is the detector thickness. For the known value of the net impurity concen-
tration, and the thickness of the detector, Eq. 4 allows us to determine the charge 
trapping cross section (�trap) in a planar Ge detector by determining the charge col-
lecting efficiency (�

h
).

We can determine �trap from equation  8 using the calculated values of �
h
 and the 

known detector thickness (L). The charge carriers’ combined total velocity, or (vtot) , is 
made up of their thermal velocity(vth) , and their saturation velocity(vsat) . Therefore, the 
electric field-dependent trapping cross section (�trap) can be calculated by combining 
the equations for �trap and vtot [29, 34] described above.

When operating a p-type detector (RL detector) in both Mode 1 and Mode 2, the 
emission rate (e

n
) of charge carriers from the traps can be measured. To calculate the 

emission rate, a specific bias voltage is applied to the detector, and the slope of the 
energy versus time plot is used. By combining the measured value of (e

n
) with Eq. 3, 

we can determine the binding energies of dipole states and cluster dipole states in the 
p-type Ge detector at cryogenic temperatures.
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4 � Results and Discussion

Figures 2 and 3 display the energy deposition from ∼ 5.5 MeV � particles in Mode 1 
and Mode 2 of the RL detector, respectively. To determine the charge-collection effi-
ciency of the detector, we compared the mean total energy deposited at 5.2 K with 
a certain bias voltage to the mean energy deposited at 77 K when the detector was 
depleted and operated with a bias voltage of -1200 V. For example, the mean energy 
observed at 77 K with a bias voltage of -1200 V was 3.92 MeV, whereas the mean 
energy observed at -200 V at 5.2 K was 2.09 MeV, resulting in a charge collection 
efficiency of 53.3% ( � = 2.09 MeV/3.92 MeV). We plotted the charge-collection 
efficiency as a function of the applied bias voltage in Fig. 4.

Using the thickness (L) of the detector (10.7 mm) and the charge-collection effi-
ciencies obtained at various bias voltages, we calculated the trapping length ( �trap ) 
of the charge carriers with Eq.  4. Figure 5 shows the charge collection efficiency 
versus the trapping length.

We measured the net impurity concentration of the detector to be 6.2 × 109∕cm3 
and operated it at a temperature of 5.2 K using the two modes described earlier. 
These values, along with other parameters presented in Eqs. 5, 7, and 8, were used 
to calculate the trapping cross section of the trap centers. The relationship between 
the trapping cross section and the applied electric field is illustrated in Fig.  6. It 
is worth noting that these trapping cross sections should be considered as effective 
trapping cross sections, as there is no known way to separate the various processes 
of trapping. When comparing the effective trapping cross section of the trap centers 
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to the charge states in Abakumov et  al.  [35], we found that the results are in the 
same order of magnitude.

We conducted a measurement of energy deposition from �-particles at 5.2 K over 
a period of 60 min for a given bias voltage to determine the charge emission rate 
mentioned in Eq. 3. During this period, we captured the histogram of energy deposi-
tion every 2–3 min, and the mean energy deposition was obtained from the �-peak. 
Figure 7 shows an example of this measurement for a bias voltage of 900 volts.

As depicted in Fig. 7, the application of bias voltage to the detector leads to a lin-
ear increase in the charge emission rate for the initial few minutes. This is because, 
in the initial minutes, de-trapping through impact ionization of dipole states or clus-
ter dipole states outpaces the trapping of charge carriers at a given voltage. How-
ever, once the trapping and de-trapping reach a dynamic equilibrium, the energy 
deposition becomes constant. The slope of the plot’s section, where the emission of 
charge carriers dominates, gives the charge-energy emission rate per unit of time, 
represented as e

n
 in Eq. 3. To convert the emission rate ( e

n
 ) into number of charge 

carriers, we divide e
n
 by the binding energy of dipole states or cluster dipole states 

(E
b
) . These emission rates in terms of the number of charge carriers per second are 

then used in Eq. 3 to determine the binding energy for respective dipole states or 
cluster dipole states. The calculated binding energies are presented in Table 1.

The binding energy of cluster dipole states is measured by the detector in Mode 
2, while the binding energy of dipole states is measured by the detector in Mode 
1. To measure the binding energy of cluster dipole states, we operate the detector 
in Mode 2, whereas for the binding energy of dipole states, we operate in Mode 
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Fig. 7   The plot depicts the mean energy deposition ( Edep ) as a function of time (t) for detector RL in 
Mode 2. As an illustration, the mean energy deposition ( Edep ) and time (t) recorded for a bias voltage 
of 900 volts are plotted for detector RL when operated in Mode 2. The error in Edep is attributed to the 
energy deposition determination using a Gaussian fit, while the error in t is primarily due to the recorded 
time determination. A linear fit ( Edep = p0 × t + p1 ) was applied to the part of the plot where the emis-
sion of charge carriers is greater than the trapping of charge carriers. The slope ( p0 ) of the fit was deter-
mined to be 654.17 ± 2.76 (eV/s), and the intercept ( p1 ) was found to be 2821.45 ± 10.38 . It should be 
noted that the slope represents the emission rate of charge carriers ( en ) in Eq. 3
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1. Furthermore, the binding energy values obtained at different bias voltages dem-
onstrate a correlation with the electric field. We have depicted this relationship in 
Fig. 8, where the binding energies are plotted as a function of the electric field at a 
temperature of 5.2 K.

The dipole states ( A0∗ ) in Mode 1 exhibit binding energies ranging from 6.553 to 
8.105 meV, depending on the electric field. The average binding energy, computed 
as the sum of p0 and p1, is 8.716 ± 0.435 meV when the electric field is zero. In con-
trast, the cluster dipole states ( A+

∗ ) in Mode 2 have binding energies that range from 
5.237 to 5.807 meV, depending on the applied electric field. The average binding 
energy at zero field is 6.138 ± 0.308 meV. Interestingly, the A0∗ states have higher 
binding energy at zero fields than the A+

∗ states. Notably, both A0∗ and A+
∗ states 

exhibit lower binding energies at zero field compared to the ground state impurity 
atoms in a Ge detector, which typically range in the order of 10 meV.

The populated dipole states and cluster dipole states with lower binding energies 
can be utilized to design a dark matter experiment with an extremely low-energy 
threshold, triggered by the small energy deposition through low-mass dark mat-
ter particles interacting with Ge atoms. This small energy deposition is dissipated 
through the emission of phonons that propagate through the detector volume and 
interact with dipole states or cluster dipole states, generating electron–hole pairs that 
are drifted toward electrodes. Our previous publication [36] demonstrates that if the 
detector’s internal charge amplification of a factor of 100–1000 can be achieved, 
then the signal can be observed. It is important to note that these dipole states and 
cluster dipole states, which have lower binding energies, may also contribute to 
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Fig. 8   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 modes, Mode 1 and Mode 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, Ebind = (p0) + (p1) × exp−(p2) × (E) , which resulted in the following fitted parameters: For 
Mode 1, p0 was found to be 5.845 ± 0.254 , p1 was 2.871 ± 0.184 , and p2 was 0.00123 ± 0.00003 . For 
Mode 2, p0 , p1 , and p2 were 5.154 ± 0.802 , 0.985 ± 0.063 , and 0.00229 ± 0.000068 , respectively
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device noise, depending on the detector’s operating temperature environment. At 
extremely low temperatures, such as 5.2 K, the probability of thermal excitation 
from these dipole states and cluster dipole states is very low due to the small ther-
mal energy (0.45 meV) compared to the binding energies of these states (6–8 meV). 
Furthermore, the device noise is distributed across a broader range of energies, and 
their nature can be discerned and separated using techniques like low-pass or high-
pass filters during calibration. By exciting the dipole and cluster dipole states, low-
mass dark matter-induced events with lower energies can be statistically identified, 
depending on the event rate.

5 � Conclusion

Our investigation of binding energies and trapping cross sections in a p-type Ge 
detector at low temperatures has yielded important insights. Our measurements 
show that the binding energy of dipole states is 8.716 ± 0.435 meV, while the bind-
ing energy of cluster dipoles is 6.138 ± 0.308 meV, which is lower than the typical 
binding energy of ground state impurities in Ge. These binding energies are ther-
mally stable at 5.2 K, and applying an electric field causes increased de-trapping via 
impact ionization for cluster dipoles due to their smaller binding energy compared to 
dipole states.

The trapping cross section, ranging from 1.08 × 10−11 cm2 to 1.492 × 10−10 cm2 , 
is primarily influenced by the electric field, with increasing electric fields leading 
to decreased binding energies and trapping cross sections. These low binding ener-
gies suggest the possibility of developing a low-threshold detector for low-mass dark 
matter searches using appropriately doped impurities in Ge.

Overall, our findings provide valuable insights into the behavior of impurities in 
Ge detectors, which could inform the development of new detectors for dark matter 
searches and other applications.
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