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Abstract 
 
Scintillating bolometers based on zinc selenide (ZnSe) crystals showed very good performance during preliminary 
tests performed in Gran Sasso National Laboratory (LNGS), Italy. The use of 82Se enriched selenium for the crystal 
growth of ZnSe will increase the relative number of active nuclei for a given detector mass. The LUCIFER 
experiment is based on a detector made of a closely packed array of approximately 40 ZnSe scintillating crystals. 
The detector will be operated underground at LNGS. The present paper presents the results obtained in the 
preparation of enriched Se and the synthesis of ZnSe compound. Special attention is given to the process of enriched 
SeF6 decomposition to the final product (enriched Se) compliant with specific requests regarding radioactive 
contamination and chemical purity. It is also made a presentation of results obtained on ZnSe crystal growth with 
special emphasis of the efficient use of expensive raw material (enriched selenium). 
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1. Introduction 
 
Measuring the absolute value of neutrino mass and the neutrino mass hierarchy and elucidating the nature 
of neutrino (Dirac or Majorana particle) are two of the most challenging tasks in experimental physics 
today. The neutrinoless double beta decay (0νDBD) is the only process which if evidenced, could solve 
both problems in the case where neutrino is massive Majorana particle.  
Among several techniques that are being utilized to search for 0νDBD the bolometric technique has a 
privileged position mainly due to its better intrinsic resolution. The technique is based on the use of a 
Low Temperature Detector (LTD) in which the energy of particle interactions is converted into phonons 
and measured through temperature variation. In order for a measurable temperature rise to be produced by 
the energy deposit of a typical radioactive decay (~ 1 MeV), the heat capacity of the absorber must be 
extremely low. This condition is fulfilled in a single crystal at low temperatures, where the heat capacity 
is close to zero and varies as T3. 



The technique of scintillating bolometers is a further improvement of bolometric technique based on the 
use of scintillating crystals in which the light output for the same energy deposit is different for alpha and 
beta/gamma particles. The different light output allows for the discrimination of alpha and beta/gamma 
particles thus leading to a substantial reduction of the background (virtually to a zero level). 
 

 
 

Fig.1 Production scheme of the enriched ZnSe crystals for LUCIFER experiment. 
Certification procedures (yellow numbered) are foreseen after each intermediary production phase. 

 
LUCIFER (Low-background Underground Cryogenic Installation For Elusive Rates) is a bolometric 
experiment foreseen as a demonstrator for the use of scintillation bolometer technique. Previous tests 
made on ZnSe crystals [1] shown that this material was a good candidate scintillating bolometer to be 
used in 0νDBD experiments. The LUCIFER experiment is planned to contain among other possible 
candidates an array of approximately 40 crystals of ZnSe crystals grown from materials enriched in 82Se 
which is one of the few isotopes where the 0νDBD is predicted and eventually measurable (48Ca, 76Ge, 
82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 130Ba, 136Xe, 150Nd and 238U). The use of 82Se enriched material is 
requested by the relatively low concentration (8.73%) in natural selenium. It is due to the fact that the 
sensitivity of a 0νDBD experiment is given by 
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where: 

ε: detection efficiency 
N: number of ββ nuclides 
t: measurement time 
m: total mass 
ΔE: energy resolution of the detector 
B: background rate in the ROI 

 
The total number of active nuclides (82Se) will be higher in enriched material and LUCIFER experiment 
aims at the use of 95% enriched selenium, i.e. a sensitivity one order of magnitude higher than in the case 
of natural selenium. 
The baseline LUCIFER’s single module envisages a single ZnSe cylindrical crystal having dimensions 
(Ø45 mm; H55 mm) which are very difficult to obtain with a high crystalline perfection given the special 



growth conditions. The obtainment of the raw material for ZnSe crystal growth is also quite challenging. 
The different requests imposed for ZnSe use in a 0νDBD experiment are often conflicting and dedicated 
procedures have to applied in all phases of crystal production from the raw materials selection to the 
crystal growth. Materials procurement is further hampered by the need to collaborate with producers who 
are very sensitive to the intellectual property issue (isotope enrichment and production of AIIBVI 
semiconductors). 
The present work describes the main results of results obtained in view of a relatively large scale 
production of 82Se enriched ZnSe crystals compatible with the use for a 0νDBD experiment. 
 
2. Material procurement 
The production of ZnSe crystals is a very complex process starting from the dedicated refinement of 
starting elements (Zn and Se) to the crystal growth and final (mechanical) processing. The difficulty of 
the ZnSe powder synthesis for crystals production stays in the very high toxicity of intermediary 
components (H2Se) and extreme reaction conditions (high pressure and high temperatures). The use of 
extremely expensive material (enriched Se) is a further complication to be solved also taking into 
consideration the distribution in different countries of the production processes. Figure 1 gives a 
simplified diagram of ZnSe crystal production for LUCIFER experiment using 82Se enriched material. 
ZnSe crystals needed for LUCIFER application have to have a good bolometric and scintillation 
performance and a content of radioactive isotopes as low as possible. The bolometric and scintillation 
performance are strongly related with the purity of the material and with the crystal perfection. Crystal 
defects (point defects mainly due to impurities and extended defects mainly due to the twining) may act 
as traps both for the phonons involved in the development and propagation of bolometric signal and for 
the free carriers involved in the scintillation process. Table 1 gives the impurity limits for ZnSe powder 
compatible with scintillation performance and radio-chemical purity requests for the crystals to be used in 
LUCIFER experiment. 
 
Table 1. Impurity limits for ZnSe powder used for the growth of scintillating ZnSe crystal. Concentration 
limits due to radio-contamination constraints are evidenced in yellow cells. 
 

 
 
Two different approaches are needed in order to solve the purity issue for the starting materials (Zn and 
enriched Se). In the case of Zn a dedicated purification of commercially available (high purity) Zn is 
applied at the producer of ZnSe powder. The purity issue is more difficult in the case of the enriched 
selenium given the complexity of its production process: synthesis of SeF6, enrichment, decomposition of 
enriched SeF6 and final Se treatment in view of ZnSe synthesis. The elemental Se used for the SeF6 
synthesis was measured (ICP-MS) both at supplier and in INFN laboratories (at LNGS). The results are 
given in Table 2. The concentration of some “critical impurities” (harmful for scintillation properties of 
ZnSe) is above the accepted limits but a further chemical purification is expected due to the specificity of 
the ZnSe synthesis procedure applied in our work. More, the enrichment process may act also as a 
purification since we are in a lucky case where the mass of the  selected isotope 82Se is quite far from the 



values of masses of critical impurities (mainly transition elements that precede the zinc in the fourth 
period in Mendeleev table). 
 
Table 2. Impurity levels as measured by ICP-MS for the raw selenium used for the SeF6 synthesis in this 
work. Critical impurities for scintillation properties of ZnSe crystals are evidenced in gray cells. The 
impurities related to radio-contamination are evidenced in yellow cells. 
 

 
 
Table 3. Impurity levels as measured by ICP-MS for the enriched Se obtained by SeF6 conversion to Se 
 

 



Preliminary tests of selenium conversion from enriched SeF6 confirmed the hypothesis of chemical 
purification by the enrichment process as it is shown in Table 3. Details on the conversion processes 
studied in this work are given in the paper by P. Benetti et al /2/, presented at this Workshop. 
 
3. Experimental status  
 
Currently the best synthesis conditions of ZnSe are searched in order to reach the needed chemical purity 
requested for crystal growth, reducing as much as possible the losses which are inevitable in such 
processes. The method currently under study at SMI Lab Ltd. (Svitlovodsk, Ukraine) may not need a 
preliminary purification of the selenium and may reach a total yield of the order of 80%. The decision 
whether or not to apply a preliminary purification of enriched Se as delivered in standard conditions will 
be taken depending on the quality of the raw material. 
 
Table 4. Impurity levels as measured by ICP-MS for ZnSe powder obtained in the current work from 
commercially available elemental Zn and Se. Note different measuring units used in previous tables. 
 

 
 

  
 

Fig.2 Example of ZnSe crystal grown in the current work 
 



Preliminary tests of ZnSe synthesis made with commercially available Zn and Se having a chemical 
purity of the same level as expected in conditions of real production gave promising results. As Table 4 
shows, the concentration of critical impurities for scintillation performance are generally below the 
accepted limits. The concentration of radio-chemical impurities requested by the low background 
operation conditions of 0νDBD experiments are also at acceptable levels. 
As mentioned above, the crystal growth, last step of crystals production for LUCIFER experiment is 
particularly problematical. The high melting temperature (1525°C) and the difficult stoichiometry control 
due to different evaporation coefficients of Zn and Se associated with the very strong twinning tendency 
makes the growth of large crystals a very challenging task. The phase transition of ZnSe from hexagonal 
(wurtzite) to cubic (sphalerite) structure in the 1425°C region during the cooling down of the crystal is a 
further hindrance in obtaining large crystals with a good crystal perfection i.e. good bolometric 
performance. Crystal growth furnaces with dedicated geometry and dedicated temperature control 
systems have to be used for a reliable production of crystals in a reproducible way. Given the very high 
price of the raw material the reproducibility of the crystal growth process is crucial and this is attainable 
through a careful design of crucible, heating elements and graphite felt distribution in the crystal growth 
chamber associated with a stable power supply, reliable movement system and a good control of the 
growth atmosphere (inert gas at high pressure), Figure 2 gives a ZnSe crystal obtained during preliminary 
growth tests made in the frame of the current work. 
 
4. Conclusions 
 
Scintillating bolometers is a very promising technique to be applied in 0νDBD experiments. ZnSe crystals 
showed a very good performance during preliminary cryogenic tests at LNGS and the use of 82Se 
enriched selenium for the crystal growth of ZnSe will increase the relative number of active nuclei for a 
given detector mass. 
The LUCIFER experiment foresees the use of approximately 40 crystals of ZnSe crystals grown from 
materials enriched in 82Se as demonstrator for a possible large scale 0νDBD experiment. The current work 
studied the technical aspects of the production of ZnSe crystals with a high radio-purity, good bolometric 
performance and high scintillation yield. The recovery and recycling as means of increasing the 
production output was particularly considered in order not to waste precious material. 
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