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Abstract

:

This paper focuses on the research and development of high-purity germanium (HPGe) crystals for detector fabrication, specifically targeting applications in rare-event physics searches. The primary objective was to produce large-scale germanium crystals weighing >1 kg with a controlled diameter of ∼10 cm and an impurity range of approximately   10 10  /cm    3  . Ensuring structural integrity and excellent crystalline quality requires a thorough assessment of dislocation density, a critical aspect of the crystal development process. Dislocation density measurements play a crucial role in maximizing the sensitivity of HPGe detectors, and our findings confirmed that the dislocation density fell within acceptable ranges for detector fabrication. Additionally, this paper examines the segregation coefficient of various contaminants during the crystal development process. Comprehensive analysis of impurity segregation is essential for reducing contaminant quantities in the crystal lattice and customizing purification processes. This, in turn, minimizes undesired background noise, enhancing signal-to-noise ratios for rare-event physics searches and overall detector performance. The investigation included the segregation coefficients of three major acceptors and one donor in crystals grown at the University of South Dakota, providing valuable insights for optimizing crystal purity and detector efficiency.
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1. Introduction


One of the most perplexing mysteries of our world is the nature of dark matter, which is a fundamental question in particle physics beyond the Standard Model. Determining the characteristics of dark matter is therefore a major goal of underground physics. Several research groups are working on this project, utilizing a range of detection methods and materials [1,2,3,4,5,6,7,8]. Detectors with a very low energy threshold are required, because dark matter interacts with normal matter through a weakly elastic scattering process that only leaves a minimal energy deposition from nuclear or electronic recoils. Germanium (Ge) detectors provide the lowest energy threshold of all the detector technologies now in use, making them the most suitable for the hunt for dark matter. SuperCDMS [9,10], CoGeNT [6], CDEX [5], and EDELWEISS [8] are dark matter experiments using germanium detectors.



Due to their exceptional energy resolution and the ability to mitigate background interference from two neutrino double-beta   ( 2 ν β β )   decay, high-purity Ge (HPGe) crystals serve as prominent detectors for investigating neutrinoless double-beta (  0 ν β β  ) decay. This experimental approach holds unique significance, as it stands as the sole method for ascertaining whether neutrinos possess Majorana properties. The exploration of   0 ν β β   decay serves as a crucial avenue for delving into new realms of physics, offering a sensitive probe into unresolved mysteries surrounding neutrinos, including their potential Dirac or Majorana nature, and contributing insights into fundamental questions like the observed excess of matter in the universe. Several research groups are using HPGe detectors to find   0 ν β β   decay, including Majorana [11], GERDA [12], and a new effort by the LEGEND partnership [4], which aims to detect   0 ν β β   decay using tonne-scale      76  G e   detectors in an ultra-low background environment. HPGe detectors can also be used to detect other rare-event physics searches like low-energy solar neutrinos, dark phonons, etc. [13].



The sensitivity of these detectors used for rare-event physics searches including dark matter, 0  ν β β   decay, solar neutrinos, dark photons, etc. is highly dependent on the purity of the Ge crystal used. The level of impurity can affect a detector’s performance. For example, increasing the level of impurity will increase the detector noise and decrease energy resolution [14]. Therefore, in order to achieve the necessary sensitivity, HPGe detectors are needed, and these detectors can only be made through an intricate procedure that involves crystal growth and purification. From the purified Ge ingots, HPGe crystals can be grown using the Czochralski (CZ) process [15]. As part of the CZ process, purified Ge is melted in a crucible and utilized to make a single crystal. This crystal development method requires a seed crystal, and the crucible is constructed of high-purity quartz. The temperature (power) and the pull rate of the seed crystal are regulated during the CZ process, in order to produce a high-quality crystal. The Ge ingots inside the quartz crucible must reach a temperature slightly above 937 °C, sufficient to melt the ingots without significant evaporation. The pulling rate influences both the growth rate and the structural/electrical properties of the crystal. Diameter control is a critical challenge in HPGe growth via the CZ process. The crystal’s structural integrity, electrical characteristics, and detector performance are directly influenced by its diameter. Maintaining a uniform diameter reduces electrical fluctuations, ensuring consistent crystal quality. This control is essential for fabricating detectors with optimal resolution and charge collection efficiency. Diameter variations can introduce non-uniformities and crystallographic defects, negatively impacting electrical characteristics and purity, ultimately leading to poor detector performance. The Lawrence Berkeley National Laboratory (LBNL), in collaboration with other US laboratories and industrial enterprises, played a pivotal role in pioneering the production of high-purity germanium, from as early as the 1970s [16,17]. Presently, commercial companies are capable of growing crystals of commendable quality, featuring impurity levels around (0.5 to 3)   ∼  10 10   /cm    3  , with masses reaching up to 4 kg and body diameters ranging from 8 to 10 cm [18,19].



Another crucial factor in detector-grade crystals is the dislocation density within the crystal. The detector grade crystal should have a dislocation density that ranges from   3 ×  10 2  /  cm    2   to    10 4  /  cm    2   [17,20]. This is achieved by making the neck of the crystal small and gradually increasing its size, also called the dash necking process [21].



Another important step in the fabrication of HPGe detectors is the impurity profile and segregation analysis of various donors and acceptors during the CZ HPGe crystal growth process. The electrical properties of a crystal are greatly influenced by the presence and distribution of impurities, such as donors and acceptors [22]. This has a direct impact on the crystal’s suitability for detection applications. The net impurity level in the crystal is required to be in the range of not greater than 5×10    0  /cm    3   and less than   3 ×  10 10  /  cm    3   [23,24]. The net impurity concentration results from compensating various donor and acceptor impurities within the crystal. Each impurity exhibits a unique segregation behavior during the crystal growth process [22]. To attain the necessary net impurity concentration, desired electrical properties, effective charge transport, and high-resolution capabilities in detectors, it is crucial to comprehend and control the various impurity segregation factors.



The University of South Dakota (USD) has emerged as a new player in the development of HPGe crystals through the implementation of the CZ crystal growth process. Our successful demonstrations of growing HPGe crystals for fabrication into detectors [18,23,25,26,27] mark a significant progress. However, there remains ample room for improvement, particularly in the areas of diameter control, impurity profile, segregation behavior, and defect control.



This paper presents a recent investigation into HPGe crystal growth at USD, examining the diameter control and dislocation density of recently cultivated crystals. Additionally, we explore the segregation behavior of four major impurities—boron (B), aluminum (Al), gallium (Ga), and phosphorous (P)—and estimate the quantity of each impurity in the locally grown crystal.




2. Materials and Methods


The commercially purchased ingots, initially possessing impurity levels of approximately ∼10    13  /cm    3  –  10 14  /cm    3  , underwent purification through zone refinement to reduce impurity concentrations to the range of (2–3)   ×  10 11   /cm    3   [28]. These refined ingots constituted the initial charge for the crystal. Cleaning involved deionized (DI) water and acetone to eliminate organic impurities, followed by a second DI water wash and etching with a Nitric acid and Hydrofluoric acid (  H N  O 3  : H F  ) (3:1) solution to remove surface contaminants. The quartz crucibles and radiation glass shields used in crystal growth underwent cleaning with hydrogen peroxide (   H 2   O 2   ) and drying with compressed nitrogen gas.



The raw materials, totaling 3665 g, were placed in a quartz crucible and melted using a pure graphite susceptor under radio frequency energy. Vacuum levels were increased to 6.9 Pa and then to roughly   2 ×  10  − 3     Pa using a mechanical pump and diffusion pump, respectively. The melting process, spanning two hours, preceded crystal growth using the CZ technique. Germanium crystals, oriented along <100> with a diameter of 8–8.5 cm, were grown at a pull rate of 40 mm/h for the neck portion and 22 mm/h for the remainder. Growth occurred in an ambient hydrogen atmosphere with a purity level (5N) at a flow rate of 150 L/h under 1 atm pressure.



Upon complete melting of the materials within the chamber, the input power was gradually reduced, inducing under-cooling and initiating the nucleation phase for crystal development. After achieving equilibrium, a rotating seed was carefully introduced to the melt, initiating the crystal growth process by gradually drawing the rod. Initially, the crystal’s diameter was systematically increased into a conical shape to manage dislocation density—termed the Dash necking process [21]. As the crystal’s neck and shoulder formed, power adjustments were made to control the diameter, maintaining consistency throughout the crystal’s body. The tail portions were tapered to a smaller diameter. To prevent quartz crucible breakage, all the melt inside was carefully pulled out. After completion, a 10-h automated cooling schedule was employed, and once cooled, the crystal was extracted for characterization.




3. Result and Discussion


3.1. Diameter Control


The thermal field produced through induction heating in the crystal growth chamber is the main factor controlling the crystal’s diameter. The crystal growth setup at USD includes a glass window for direct observation of the growing crystal. Furthermore, a camera on the furnace’s top captures images, projected onto a computer screen. By monitoring the crystal’s growth visually or through the computer, the diameter can be adjusted by regulating the applied power appropriately. The crystal’s diameter (D) is determined by the equation below [18,23]:


  D =    4 d w / d t   p π  ρ s  +  ( d w / d t .  ρ s  )  /  R 2   ρ L     .  



(1)







In the equation, dw/dt represents the rate of change in weight over time, p is the pull rate,   ρ S   and   ρ L   are the densities of solid and liquid Ge, and R is the crucible radius. This equation is derived from the principle of conservation of mass, considering the liquid germanium in the crucible and the solidified mass of the crystal. It demonstrates that the crystal’s diameter is directly proportional to its growth rate and inversely proportional to the pull rate of the seed. Figure 1 illustrates the power fluctuation with the position and growth rate during the crystal growth process, providing a means to control the crystal’s diameter and adjust the power supply accordingly.



As the power in the growth furnace increased, the temperature inside rose; conversely, a decrease in the growth rate resulted in a reduction in diameter. Initially, the equilibrium temperature was determined through trial and error, with a value set at 8780 Watts. To expand the crystal’s neck when the seed was slowly pulled from the melt while rotating, the power was gradually lowered. The Dash neck technique proved effective in maintaining a small neck diameter and reducing dislocation density through gradually increasing the power. Once the neck had developed, as illustrated in Figure 1, the power was gradually reduced to lower the temperature of the growing furnace. This allowed the shoulder portion of the crystal to expand through increasing the diameter. Just before achieving the required diameter, the power was kept constant to maintain the temperature, and the body part was grown at this equilibrium temperature. Subsequently, the power was adjusted progressively to increase, leading to the growth of the tail portion of the crystal, as depicted in Figure 1. The tail part’s diameter was gradually reduced, until all of the melt was removed from the crucible.



The diameter of the body part was meticulously controlled at approximately 8.5 cm, as depicted in Figure 2. Achieving precise control over the growth rate of the crystal toward the tail portion proved challenging, due to the difficulty in accurately determining the heat drawn by the solidified fraction of the crystal from the melt. Nevertheless, based on experience, we assumed a significant amount of heat loss from the melt to the solidified portion. To compensate for this, the input power was increased by 800 watts per hour, as illustrated in Figure 1, ensuring control over the diameter of the tail portion. The diameter of this section measured 11 cm. Given our objective of attaining a p-type detector-grade region in the body part, and considering that n-type impurities dominated the tail portion, the slightly larger diameter in the tail section did not pose a significant issue for our experiment.



Throughout the crystal growth process, we meticulously documented the crystal’s position, corresponding weight, and applied input power. Utilizing the known pull rate of 22 mm/h and recorded weights at each position, we calculated the growth rate of the crystal, dw/dt, at each point. The crucible’s diameter (  2 R  ) was measured to be 18 cm. Employing these parameters, along with standard densities of solid and liquid Ge in Equation (1), enabled us to estimate the crystal’s diameter at each position, as illustrated in Figure 3.



The diameter of the grown crystal was measured at eight different positions using a vernier caliper, as depicted in Figure 2. A comparison between the calculated diameter using the growth rate and the measured actual diameter, shown in Figure 3, demonstrates our capability to estimate the crystal’s diameter with less than 5% uncertainty during the crystal growth process. With such precision, we have consistently produced large-size HPGe crystals with well-controlled diameters in the USD lab.




3.2. Crystal Characterization


Upon completion of the crystal development process, the crystal was extracted from the chamber and subjected to characterization, to assess its compliance with the criteria for a detector-grade crystal. Two crucial properties are routinely measured: the dislocation density and the net impurity concentration at 77 K.



3.2.1. Measurement of Impurities


The Hall effect measurement system, as outlined in [29], was employed to quantify the net impurity concentration. This involved segmenting the crystal into three slices along its body, denoted as S1, S2, and S3, as well as extracting samples from the neck and tail sections, as illustrated in Figure 2. The masses of the crystal portions cut from the neck, S1, S2, S3, and tail were measured at 18 g, 547 g, 1641 g, 2737 g, and 3631 g, respectively. Utilizing the ratio of these masses to the total crystal mass, we estimated the solidified fractions at different positions: 0.005 at the neck, 0.15 at S1, 0.45 at S2, 0.75 at S3, and 0.995 at the tail, which were used in the subsequent calculations. We selected the neck from the top part and the tail from the bottom part to assess the impurity distribution range in the crystal. The slice S1 was specifically chosen from the beginning of the body part of the crystal, a critical decision, as only the body part is utilized for detector fabrication, due to its substantial diameter. Slice S2 was cut based on estimation, drawing from our experience in growing multiple crystals and insights from previous studies on high-purity crystals.



The wafers were subsequently sectioned into   1.5 × 1.5 × 0.1   cm    3   samples, which underwent a meticulous process of polishing and etching using a solution of   H N  O 3  : H F   in a 3:1 ratio. To facilitate measurements, four contacts were strategically established at the sample corners through the creation of indium gallium eutectic Ohmic contacts via scratching. The van der Pauw–Hall effect measurement system (Ecopia HMS-300 with a 0.5 Tesla permanent magnet) [25] was then employed for the assessment. Given that our detectors operated at 77K using liquid nitrogen, impurity measurements were conducted at the same temperature. This system allowed for the determination of not only impurity levels but also hole or electron mobility, resistivity, and the Hall coefficient. The net impurity level of the latest detector-grade crystal grown in the USD lab is presented in Table 1.



This table indicates that the segment between S1 and S2, of approximately 3.5 cm in thickness, 8.5 cm in diameter, and with a mass of 1043 g, is well-suited for detector fabrication. The mobility is contingent upon the concentration of impurities and other defects, such as dislocations. The compensation ratio (CR) of the crystal at the position   g i   is defined as the ratio of n-type impurity (P) to the sum of the concentration of p-type impurities (B, Al, and Ga) at that position. In comparison to the mentioned paper, this crystal exhibited higher compensation ratios, ranging from 65–75% at the upper portion to 90–95% at the lower end. Consequently, the mobility of this crystal was lower than that reported in the referenced paper. Our experience with multiple crystal growths and detector fabrication suggests that these mobilities were more slightly diminished, due to elevated compensation ratios and dislocation densities, than usual but they still fell within acceptable ranges [16,24].




3.2.2. Dislocation Density Measurement


In a Ge crystal, the presence of hydrogen divacancy (   V 2  H  ) is a common observation. To prevent the hydrogen divacancy from acting as a charge trapping center, it is crucial to maintain the dislocation density above   3 ×  10 2   /cm    2   [17,20]. Conversely, if the dislocation density exceeds   1 ×  10 4   /cm    2  , the dislocations themselves can act as trapping centers [17,20]. Therefore, the dislocation densities in the crystal should be carefully controlled within the range of   3 ×  10 2   /cm    2   and   1 ×  10 4   /cm    2   to fabricate high-quality detectors.



The dislocation density of a recent detector-grade crystal grown in the USD lab was measured using the etching pit counting technique. After slicing the grown crystals from four different positions (samples from the neck, S1, S2, and tail as labeled in the upper photo of Figure 2), they underwent polishing and etching with a solution of acetic acid:  H N  O 3   :HF (11:10:5) with 30 mg of dissolved iodine (  I 2  ). This etching process created small pits, to highlight dislocations under a microscope. The dislocation density was measured and observed using an Olympus BX 40 microscope. Each sample was placed under the optical microscope, and etch pits were counted at 10 different positions on the sample. The average number of etch pits on the neck, S1, S2, and tail was found to be 4.7, 7.7, 12.4, and 25.4, respectively. The errors, calculated as about 10%, were determined by considering the minimum and maximum values in relation to the average. Sample photos of the etch pits seen under the microscope for each position are shown in Figure 4.



The   10 ×   lens covered a working area of 0.0063 cm    2  . Consequently, the dislocation density was calculated as 746 ± 7.46 cm     − 2    at the neck, 1222.22 ± 12.22 cm     − 2    at S1, 1968.25 ± 19.68 cm     − 2    at S2, and 4031.74 ± 40.31 cm     − 2    at the tail of the crystal, as illustrated in Figure 5. The observed dislocation density exhibited an increasing trend along the length of the crystal. However, it is important to note that the dislocation densities throughout the entire crystal grown in USD remained well within the acceptable range for detector fabrication.





3.3. Impurity Segregation Behavior Analysis


The equilibrium distribution coefficient, represented as    K 0  = C /  C 0   , signifies the ratio of impurity concentration in the solid phase to that in the liquid phase, providing a measure of the equilibrium state in a solid/liquid system. In the past, the determination of equilibrium distribution coefficients involved reliance on phase diagram information or the slope of the solidus line to the liquidus [22]. Optimal distribution coefficients necessitate a crystal growth process characterized by rapid growth, slower rotation, and high diffusivity.



Appreciating the significance of the effective segregation coefficient,   K  e f f   , for impurities in germanium is paramount, due to its direct influence on crucial growth parameters like melt convection velocity and RF coil stirring efficiency. FA Trumbore’s study [30] delved into the equilibrium distribution coefficient of impurities in germanium at its melting point, providing valuable insights into this essential aspect of crystal growth.



In a comprehensive investigation conducted by Wang et al. [24], photo-thermal ionization spectra (PTIS) measurements of a crystal grown at USD unveiled the presence of significant shallow-level impurities, specifically B, Al, Ga, and P. However, the specific concentration of each impurity and the compensation level remained undetermined. The primary objective of this study was to estimate the concentration of each of these impurities in a recently grown crystal. It is noteworthy that B, Al, and Ga acted as acceptor impurities, while P served as a donor impurity. The distribution of impurities within the HPGe crystal can be expressed as


  C =  C 0   K  e f f     ( 1 − g )   (  K  e f f   − 1 )   ,  



(2)




where C represents the impurity concentration in the crystal,   C 0   is the initial impurity concentration in the melt, g denotes the solidified fraction, and   K  e f f    signifies the effective segregation coefficient. This equation elucidates that the segregation behavior of impurities in germanium is contingent upon the segregation coefficient of the impurities. Impurities with a segregation coefficient (k) less than 1 tend to concentrate in the lower part of the crystal, whereas those with k greater than 1 have a propensity to accumulate in the upper part of the crystal. The calculation of the effective segregation coefficient is guided by the BPS model proposed by Burton, Prim, and Slichter [22], as shown below.


   K  e f f   =   K O    K 0  +  ( 1 −  K 0  )  e x p  ( − f δ / D )    ,  



(3)




where   K 0   represents the equilibrium distribution coefficient, D is the impurity diffusion coefficient in the melt,  δ  stands for the thickness of the diffusion boundary layer, f is the growth rate of an HPGe crystal. Additionally, the solute layer thickness, as per the BPS model, is expressed as


  δ = 1.6  D  1 / 3    ν  1 / 6    ω  − 1 / 2   ,  



(4)




where D is the diffusivity of impurities at melt,  ν  represents the kinematic viscosity,   μ / ρ   stands for the dynamic viscosity/density of molten Ge, which equals   1.35  ×  10  − 3     cm     2  /  s, and  ω  is the rotation rate of the crystal.



The diffusion coefficients for impurities B and   G a   in Ge are   3 ×  10  − 4    cm    2  /s [31] and   7.2 ×  10  − 5    cm    2  /s, respectively [19]. Similarly, the diffusion coefficients for P and   A l   are   5 ×  10  − 5    cm    2  /s [32] and   6 ×  10  − 5    cm    2  /s [33,34], respectively. Using a crystal rotation rate of 3 rotations/min and Equation (4), the diffusion boundary layer thickness ( δ ) for   B , G a , A l  , and P was calculated to be 0.159 cm, 0.098 cm, 0.093 cm, and 0.188 cm, respectively. The equilibrium distribution coefficients   K 0   for these impurities have been studied [30]. Using these values of   K 0  , the diffusion coefficients (D), and a growth rate (f) of 2.2 cm/h, in this experiment, we determined the effective segregation coefficients for   B , G a , A l  , and P as 2.865, 0.201, 0.188, and 0.101, respectively. Subsequently, using these   K  e f f    values in Equation (2), we plotted the ratio of   C /  C 0    along the axial length of the crystal for all these impurities, as shown in Figure 6.



The net impurity   ( C  (  g i  )  )   obtained from the Hall effect measurement was the sum of all donor and acceptor impurities at the point   g i   from where samples were cut. Therefore, the compensation model for the four different impurities is expressed as [35]:


  C  (  g i  )  =  C B   (  g i  )  +  C  A l    (  g i  )  +  C  G a    (  g i  )  −  C P   (  g i  )  .  



(5)







We measured the C from four different positions(  g i  ) of the crystal, as illustrated in Figure 2. Samples were cut from g = 0.5%, 15%, 75%, and 0.995%. The values of g were determined by taking the ratio of the mass of a portion of the crystal cut to the total mass of the crystal, as discussed above. Plugging the values of   C B  ,   C  A l   ,   C  G a   , and   C P   from Figure 6 and Equation (2) into Equation (5) with respective values of   g i  , we obtain a system of four equations with four unknowns, which are


     2.84  C  0 B   + 0.19  C  0 A l   + 0.2  C  0 G a   − 0.10  C  0 P   = 1.01 ×  10 11  ,       2.12  C  0 B   + 0.20  C  0 A l   + 0.21  C  0 G a   − 0.11  C  0 P   = 6.31 ×  10 10  ,       0.22  C  0 B   + 0.58  C  0 A l   + 0.6  C  0 G a   − 0.35  C  0 P   = − 1.13 ×  10 11  ,       0.00014  C  0 B   + 13.89  C  0 A l   + 13.87  C  0 G a   − 11.86  C  0 P   = − 1.00 ×  10 13  ,     



(6)




where   C  0 B   ,   C  0 A l   ,   C  0 G a   ,   C  0 P   , are the initial concentrations of B, Al, Ga, and P in the melt, respectively. The solution to these equations provides us with the initial concentration,   C 0  , for all the impurities under study. The initial concentrations of B, Al, Ga, and P for this crystal were found to be   3.87 ×  10 10   /cm    3  ,   2.21 ×  10 11   /cm    3  ,   7.13 ×  10 11   /cm    3  , and   1.89 ×  10 12   /cm    3  , respectively. Using these values of   C 0   and   K  e f f    in Equation (2), we determined the concentration of impurities along the length of the crystal, as shown in Figure 7.



While the effective segregation coefficient (  K  e f f   ) of impurities depends on growth conditions and parameters such as rotation and pull rates, the values obtained in this study are reasonably consistent with prior works under similar growth conditions [16,19,36]. Notably, the segregation coefficient of   A l   remains elusive [16,17]. This work did not consider the formation of aluminum oxide (AlO), due to its highly complex segregation and diffusion behavior. Previous research suggested an effective segregation coefficient for AlO close to 1 [36]. Given the low pull and rotation rates and the hydrogen environment in the USD lab, the negligible oxygen content reaching the crystal body from the crucible walls led us to neglect AlO formation in our crystal compared to other impurities.



Estimating the amount of each impurity in the melt enhanced our understanding of crystal growth, ensuring quality, purity, and performance. This information is crucial for current manufacturing processes and the advancement of crystal growth techniques, contributing to the production of large, HPGe crystals with homogeneous impurity profiles for efficient HPGe detectors [14]. Figure 7 illustrates the concentration of B decreasing along the crystal length, with most being segregated at approximately 50% of the crystal. Conversely,   A l  , P, and   G a   exhibited normal segregation along the body, accumulating predominantly in the tail portion. The net impurity concentration of the crystal estimated at g = 0.45 from Figure 7 was approximately   1 ×  10 10   /cm    3  . In contrast, the net impurity concentration measured from the Hall effect measurements at the same position indicated an impurity level of ∼1.55 × 10    10  /cm    3  , as shown in Table 1. This disparity could be attributed to various factors, including the absence of precise diffusion coefficients for impurities in germanium melt, assumptions related to the ionization of all impurities during Hall effect measurements, and difficulties in accurately estimating the diffusion boundary layer at the crystal–melt interface. Addressing these challenges, coupled with investigations encompassing a diverse range of germanium crystals with varying impurity levels and doping, as well as exploring crystal growth under different parameters, could significantly enhance our comprehension of these impurities in future research.





4. Conclusions


In the USD lab, we achieved successful growth of an HPGe crystal with a diameter of approximately 8.5 cm, yielding a substantial chunk of detector-grade material weighing around 1 kg. The dislocation density in this crystal fell within the acceptable range, measured at 746 cm     − 2    to 4031 cm     − 2   . Employing well-established methods, we determined the segregation coefficients for the four prominent impurities (B, Al, Ga, and P) in the crystal as 2.865, 0.188, 0.201, and 0.101, respectively. The initial concentrations of B, Al, Ga, and P in the crystal, as per our calculations, were 3.87   ×    10 10   /cm    3  , 2.22 × 10    11  /cm    3  , 7.13   ×    10 12   /cm    3  , and 1.89   ×    10 12   /cm    3  , respectively. These values could elucidate the trends in net carrier concentrations. Additionally, we estimated the concentration of each impurity along the length of the crystal, providing valuable insights for future HPGe growth in the USD lab. Understanding the concentrations of the four major impurities in our crystal is instrumental for the growth of HPGe crystals, as this informs strategies involving doping or introducing a charge to enhance the material properties.
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Figure 1. The input power and growth rate of the crystal along the axial direction of the growth. The red plot illustrates the crystal’s growth rate in grams per second (gm s     − 1   ), indicating an increase in the growth rate within the neck portion and remaining almost constant along the body part, signifying a near-constant diameter in the body section. The black plot demonstrates the impact of input power on the crystal’s growth rate. 
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Figure 2. The crystal, cultivated at USD, underwent preparation for characterization. Samples were strategically cut from five distinct positions: neck; slices denoted as S1, S2, and S3; and the tail (Top). The crystal’s diameter was measured at various positions along the axial direction using vernier calipers, with the diameter values depicted in millimeters (bottom). 
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Figure 3. A comparison between the calculated diameter and the measured diameter for a crystal grown at USD is illustrated in Figure 3. The crystal’s diameter underwent a gradual increase until it became constant in the body section. It remained at a constant diameter until it experienced a subsequent increase towards the near end portion, eventually tapering down at the tail. 
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Figure 4. Optical microscope images depicting etch pits in samples from four different positions of the crystal. In these images, ’g’ denotes the solidified portion of the crystal during the growth process. 
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Figure 5. Dislocation density measurements at various positions along the axial direction of the crystal. 
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Figure 6. The ratio of the concentration of various impurities (C) to their initial concentration in the melt (  C 0  ) along the crystal length is a crucial parameter in understanding the impurity distribution within a crystal. 
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Figure 7. The estimated concentration of each impurity along the crystal length, as well as the net impurity concentration (   |   N A  −  N D   |   ), provide valuable insights into the distribution and overall impurity profile within the crystal. The net impurity concentration begins as p-type at the neck and gradually decreases until the solidified fraction of   g = 0.542  . After   g = 0.524  , the crystal transitions into n-type, as phosphorous (P) becomes the dominant impurity concentration within the crystal from this point onward. 






Figure 7. The estimated concentration of each impurity along the crystal length, as well as the net impurity concentration (   |   N A  −  N D   |   ), provide valuable insights into the distribution and overall impurity profile within the crystal. The net impurity concentration begins as p-type at the neck and gradually decreases until the solidified fraction of   g = 0.542  . After   g = 0.524  , the crystal transitions into n-type, as phosphorous (P) becomes the dominant impurity concentration within the crystal from this point onward.



[image: Crystals 14 00177 g007]







 





Table 1. The net impurity concentration, resistivity, and mobility of the HPGe crystal grown in the USD lab on 14 November 2023 are presented. The uncertainties for each measurement were determined within a 20% level, accounting for the accuracy in the Hall effect system.
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	Position
	Net Impurity (/cm     3   )
	Resistivity (  Ω   cm)
	Mobility (cm      2  /   Vs)





	Neck
	   1.01 ×  10 11    
	   5.40 ×  10 2    
	   3.24 ×  10 4    



	S1
	   6.31 ×  10 10    
	   3.74 ×  10 3    
	   3.63 ×  10 4    



	S2
	   1.55 ×  10 10    
	   4.92 ×  10 3    
	   3.48 ×  10 4    



	S3
	   − 1.13 ×  10 11    
	   3.80 ×  10 2    
	   2.14 ×  10 4    



	Tail
	   − 1.04 ×  10 13    
	   6.32 ×  10 1    
	   1.41 ×  10 4    
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