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ABSTRACT: Large, high-purity, germanium (HPGe) detectors are needed for neutrinoless double-

beta decay and dark matter experiments. Currently, large (> 4 inches in diameter) HPGe crystals 

can be grown at the University of South Dakota (USD). We verify that the quality of the grown 

crystals is sufficient for use in large detectors by fabricating and characterizing smaller HPGe 

detectors made from those crystals.  We report the results from eight detectors fabricated over six 

months using crystals grown at USD. Amorphous germanium (a-Ge) contacts are used for 

blocking both electrons and holes. Two types of geometry were used to fabricate HPGe detectors. 

As a result, the fabrication process of small planar detectors at USD is discussed in great detail. 

The impact of the procedure and geometry on the detector performance was analyzed for eight 

detectors. We characterized the detectors by measuring the leakage current, capacitance, and 

energy resolution at 662 keV with a Cs-137 source. Four detectors show good performance, which 

indicates that crystals grown at USD are suitable for making HPGe detectors.  

KEYWORDS: High-purity germanium crystal, HPGe planar detector, amorphous semiconductor 

electrical contact. 
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1. Introduction 

       Cosmogenic produced isotopes can limit the sensitivity for large-scale germanium-based 

(Ge-based) experiments in the search for dark matter and detection of neutrinoless double-beta 

decay [1-4]. For example, 3H, 49V, 56Fe, and 65Zn, produced by cosmogenic activation when the 

Ge detectors are fabricated on the surface, are main sources of background events in the 

MAJORANA DEMONSTRATOR and EDELWEISS in the low energy region of interest [5-6]. 

Similarly, 60Co and 68Ge can be the sources of background events in the higher energy region for 

the detection of neutrinoless double-beta decay [7]. An effective way to reduce the production of 

cosmogenic isotopes in Ge is to grow Ge crystals and fabricate detectors underground at the site 

where the experiments will take place.  

        Since the successful development of lithium-drifted Ge detectors introduced the significant 

use of semiconductor crystals for direct detection and spectroscopy of gamma ray in the 1960s 

[8-13], high-purity Ge (HPGe) detectors gradually became a standard technology to achieve 

spectroscopy or imaging of gamma rays by providing the best compromise between energy 

resolution and efficiency for high resolution gamma-ray spectroscopy [14-17].  A small bandgap 

energy of Ge (~0.7 eV) creates a large number of electron–hole pairs during interaction with 

gamma rays, which provides good energy resolution. Commercially available large HPGe crystals 

(up to 10 cm in diameter) enhance the probability of total absorption of an incoming gamma ray 
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in the crystal leading to a high detection efficiency [18-19].   Currently, HPGe crystals are not 

only the best choice of material for gamma-ray spectroscopy but also a well-accepted technology 

for rare event physics in the search for dark matter [12-13, 20-21] and neutrinoless double-beta 

decay [22-29]. Therefore, HPGe detectors have been used in several research projects, including 

CoGeNT[30-31], SuperCDMS [32-34], EDELWEISS [35-37], GERDA [38-40], MAJORANA 

DEMONSTRATOR [41-42], CDEX[21, 43-44], focused on detecting dark matter or neutrinoless 

double-beta decay.  

In order to make HPGe crystal growth and detector fabrication in an underground laboratory 

possible, the University of South Dakota (USD) has developed a research and development 

program (R&D) under the support of the Department of Energy and the state of South Dakota. 

After seven years R&D, large size (~5 inches in diameter) HPGe crystals have now been grown 

at USD [45-46].   

One kind of simple detector used solely for spectroscopy of gamma-ray radiation is made of 

a single piece of HPGe crystal on two opposite surfaces on which two electrical contact layers are 

fabricated.  These electrical contacts are used for the application of bias voltage and signal readout  

and must be able to block hole and electron injection enough to reduce electronic noise and 

achieve low leakage current [47-48]. A very reliable and well-established process employed in 

industry to manufacture such contacts utilizes boron (B) implantation to form an electron-

blocking contact and lithium (Li) diffusion to form a thick and robust hole-blocking contact [26, 

49-50]. This technology has been applied in a wide range of applications from basic science to 

commercial activities [18].  However, due to the thickness and significant diffusion of Li-diffused 

contacts at room temperature [50-51], this technology presents a challenge in forming finely 

segmented detectors. These are complex detectors used to measure energy and determine the 

positions of radiation interaction events in the entire detector for applications requiring imaging 

or particle tracking in addition to spectroscopy.  The minimum thickness of the Li-diffused contact 

is about 1 mm, which creates undesirable effects for application in underground experiments such 

as neutrinoless double-beta decay and dark matter search [52].   

An alternative technology developed at Lawrence Berkeley National Laboratory (LBNL) 

employs a amorphous-semiconductor (a-Ge or a-Si) contact, which is capable of providing finely 

segmented contacts on HPGe detectors with both electron and hole blocking properties [53-57]. 

This technique can replace the commercialized technology of Li-diffused and B-implanted 

contacts.  In addition, the fabrication processes for detectors using amorphous semiconductor 

contacts is much simpler than employing Li-diffused and B-implanted contacts [57-60]. The 

amorphous semiconductor electrical contact technology is generating more and more interest and 

attention in both basic science and industry [61-63]. Benefiting from the pioneers at LBNL who 

have explored the amorphous-semiconductor contact technology, USD has developed a program 

to study Ge detector performance with a-Ge contacts fabricated from USD-grown crystals. 

This paper describes the manufacturing process employed at USD including shaping a home-

grown large HPGe crystal into a small planar detector, manual lapping and chemical etching, 

sputtering of a-Ge contact, and depositing a thin aluminum (Al) layer by using an electron-beam 

evaporator. We also study the planar detector performance so that we can explore the properties 

of the HPGe crystals grown at USD and provide feedback to our crystal-growth group for 

improving techinques for the growth of high-quality crystals. In our group, the HPGe crystals 

were grown through the Czochralski method  using the zone-refined ingots produced at USD from 

commercial raw materials [64-67]. The growth process and the characterization method were 
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      In this section, we present results of detector measurement and analyze some possible reasons 

for the failure of a detector. Table 1 provides information about geometry and detector 

performance for the eight planar detectors made from crystals grown at USD.  Some detectors 

were reprocessed and tested many times to improve the properties of contact layers [17].  

3.1 Sputtering jig impact on detector performance 

Using a sputtering jig designed for 4-wing crystals to sputter a two-wing crystal may cause 

some problems in detector performance.  Eight small planar detectors were fabricated using the 

same process, five with four-wing geometry and three with two wings.  USD-L06, a two-wing 

detectors was successfully fabricated and displayed satisfactory detector performance. USD-L03 

USD-L05, also two wing detectors, could not hold high voltage. However, USD-L04 with four 

wings, fabricated from the same HPGe crystal as USD-L05, could hold high voltage, up to 3700 

V, while still not reaching full depletion voltage. This can be understood through a relation 

between the depth of the depletion versus the applied bias voltage for a given impurity level as 

described below: 𝑑 = √2𝜀𝐺𝑒𝜀0𝑣𝑏/𝑒𝑁|𝐴−𝐷|, where d represents the thickness of the depleted 

region, 𝜀𝐺𝑒 is the relative permittivity of Ge, 𝜀0 is the permittivity of free space, 𝑣𝑏 is the applied 

bias voltage, e stands for the electron charge in coulombs, and 𝑁|𝐴−𝐷| is the net impurity level in 

the detector. This relation indicates that the detector, USD-L04, was too thick to be fully depleted 

at 3700 V. To fully delplete this detector with a thickness of 1.07 cm for a given impurity level 

of ~41010/cm3,  the required bias voltage  would exceed 4000 volts, which is beyond the 3000 V 

applied voltage capability of our test bench. However, the 3700 V holding-voltage of USD-L04 

displays that the contact layers were successfully fabricated on the detector.  

 

 

Figure 9. (a) Sputtering jigs for four-wing detectors. (b) Sputtering jigs for two-wing detectors.  

        The two-wing geometry design can significantly reduce cutting time. However, two-wing 

detectors require a two-wing sputtering jig for a-Ge deposition to avoid back-sputtering of Ge 

atoms onto the bottom surface of crystal.  Such a jig is specific to the size of the detector and the 

two or four wing design. When we used the four-wing sputtering jig on two-wing detectors, this 

poorly fitted jig allowed many a-Ge atoms to back-sputter on the lower surface of crystal.  Such 

back-sputtered spots can cause the two-wing detector’s failure to hold high voltage. 
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with manual lapping followed by the chemical etching.  This reprocess was repeated three times.  

Each time, no visible uneven features appeared around the defective area after manually lapping. 

However, such a linear defect appeared again after 3 minutes of long term etching.  An extended 

longer-term etching, around 7 minutes, was employed to remove this defect.  The result was that 

the longer etching caused a worse defect.  A microscope was used to look into the defect area 

after manual lapping and chemical etching. Figure 11b showed the microscopic image of the 

defect area.  No other nonuniform features appeared on the rough surface since it was lapped 

using micro-abrasive powder.  After chemical etching, a uniform linear defect appeared as shown 

in Figure 11c. This defect may have been caused during the cutting process by excessive feeding 

speed, which was 2 mm/min, or by environmental vibration since a powerful air-compressor was 

very close to the slender, diamond cutting-saw. A slow feeding speed and anti-vibration condition 

would help to avoid such cutting damage. Such a defect may also be caused by a crystallographic 

defect. Overall, once a small crack appears on the surface of a crystal after chemical etching, one 

has to keep lapping till all damage is completely removed. 

 

 

Figure 11. (a) A deficient area on the crystal of USD-L02 detector after chemical etching (white arrow 

pointed to). (b) Microscopic image around the deficient area after manually lapping. (c) Linear defect 

appeared after the chemical etching. Scale bar 50 µm. 

In addition, one must thoroughly remove wax from the entire well-cut crystal.  Any invisible 

wax left on the crystal may cause a surface defect during long-term etching because such residual 

wax can block chemical etching on the covered area. Extra attention must be given to the four 

groove area where wax is very likely to stick.  

3.3  Detector Characterization 

     All eight detectors were measured for their leakage current at liquid nitrogen temperature to 

determine the property of the a-Ge contact.  Their C-V characteristic was also measured to obtain 

the full depletion voltage for the calculation of impurity concentration of crystal by using the 
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impurity level of ~4×1010/cm3. This reveals the constraints of the detector thickness and its 

impurity level for a planar detector.   

In summary, we have shown that the fabrication of a good Ge detector does not only require 

a good quality of Ge crystal, but also a reliable fabrication process. For the former, the Ge crystals 

must meet the requirement of the impurity level defined by the detector geometry and must be 

free of linear defects as illustrated with USD-L02. For the latter, the detector fabrication and the 

detector handling processes are critical. Therefore, the detectors with four wings have a higher 

success rate than that of two wings. These results demonstrate that USD can not only grow high 

quality detector-grade germanium crystals of variable size, but also is capable of successfully 

fabricating detectors with acceptable performance based on measured impurity levels. In addition, 

guard-ring planar detectors and P-type point contact Ge detectors are currently under investigation 

by our group. A large cryostat was designed at USD and is currently being constructed for 

characterization of enlarged planar detectors in the near future. 
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