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Abstract 
Experiments were performed with pure and doped lead halides to investigate growth conditions for large crystals.  
Direct observations during the growth of 25 mm diameter crystal growing at high velocities showed that torodial 
type instability is formed at the solid/liquid interface during the growth. These instabilities translate into point 
defects and line defects. We report the results of extensive experiments on Lead bromide doped with silver bromide 
to study double diffusive transport. Control of instability at the interface provides a great improvement in the quality 
of crystal more specifically point defects and line defects. The controlled doping controls the defects and 
polytypism, and hence reduces the cracking and production of very large diameter good quality crystal is possible by 
Bridgman method. Results on the quality as the function of convection and growth parameters are reported in this 
paper.  
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1. Introduction 
There is an increasing thrust on the development of heavy metal based semiconductor materials based Electro-optic, 
acousto-optic and radiation detectors. Mercury, thallium and lead halides and their binary and ternary salts have 
been grown by different growth techniques for radiation detector.  The most important of these parameters are low 
mobility-lifetime product which limits the charge transport in the material, the presence of traps (which limits 
resolution), suitable contact materials and long term polarization effects. Because of these reasons, there is a 
continued interest in identifying new materials for γ-ray detection applications. We have performed [1-4] very 
extensive crystal growth and characterization of lead halides (PbX2, where X= I, Br, Cl) which have many favorable 
properties including high atomic number, density, good crystal quality and fabricability.  Halides have generally 
much higher bandgap compared to CdZnTe. Many attempts have been made to decrease the bandgap between 1.55 
to 1.75eV range by doping the materials. In our lab, we have used PbSe and AgBr as dopant into PbBr2 and PbI2 
matrix. If doped crystals are grown from the melt, the impurity concentration at lower temperatures may exceed the 
solubility limit. In some cases there are reports for the dopant precipitates to form a second phase. The precipitation 
of the impurity can be schematically represented by the sequence of free defects leading to impurity-vacancy 
associates which results into precipitate. Our studies along with Vanden Brom et al demonstrated [5-8] that PbBr2 
goes through different phases between melting temperature and room temperature. PbBr2 crystals crack due to 
destructive phase transition. This cracking is severe when attempts are made scale growth for achieving large 
diameter crystals. We observed that doping does reduce the cracking by reducing the phase transition energy, 
however causes microsegregation and microprecipitates. The main objective of the present program is to understand 
thermosolutal convection during crystal growth of PbBr2-AgBr and PbI2-PbSe alloys. This involves identification of 
the growth conditions for delineating the microsegregation, observation of convecto-diffusive instabilities and to 
optimize the growth parameters. In addition, we have summarized the growth of doped lead halide crystals and their 
quality in this paper.  
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The overall objectives can be summarized as follows: 
• Observe and study the double diffusive and morphological instabilities in controlled conditions and to 

compare with theoretically predicted convective and morphological instability curves. 
• Study the three-dimensional morphological instabilities and resulting cellular growth that occur near the 

onset of morphological instability in the bulk samples under purely diffusive conditions. 
• Understand the micro-and macro-segregation of silver dopant in lead bromide crystals in 1-g conditions 
• Provide basic data on convective behavior in alloy crystals grown by the commercially important 

Bridgman crystal growth process. 
 

 

2. Experimental Methods and Results 

2.1 Materials and Purification 
The source material lead bromide and silver bromide supplied by the vendor was listed for 99.999% purity.  Lead 
iodide and lead selenide were listed for 99.99% purity. Further purification was carried out in a well-cleaned quartz 
tube.  Directional freezing was used to purify as-supplied material in a vertical mode by passing the quartz tube 
containing lead halides through a temperature gradient at a speed of 2 cm/day.  The top and bottom sections of the 
boules were cut off and the purified middle sections were used for crystal growth.  The residue left during the 
purification was dark brown and dark red.  Occasionally a soft black powder was also observed.  An analysis was 
done by matching x-ray lines from the residue to standard patterns of several oxides and mixed halides.  Small 
amounts of black residue and black color were ascribed to an excess of lead and carbon.   

2.2 Observation on Solid-Liquid Interface and Crystal Growth  
Direct observations on morphological studies and crystal growth experiments were carried out in a two zone 
transparent furnace in which the temperature of each zone was controlled separately.  We used well-cleaned quartz 
ampoules which could be moved at the desired speed by a motor attached to the reduction gear.  All experiments 
were performed with capillary seeding. Most of the crystals grew close to [010] direction.  The temperature gradient 
was 20 K/cm, growth speed was two centimeters per day, and cooling conditions were identical for all the runs.   

There are several papers published which indicate that lead bromide and lead iodide go through destructive phase 
changes below the melting point. We have observed that due to phase changes lead bromide crystals crack 
massively. Doping of these crystals reduces the energy of transition and tendency of cracking is reduced. But 
addition of dopant causes convector-diffusive (sometimes referred double diffusive) convection.  The double 
diffusive convection destabilizes the melt and instabilities generate defects and inhomogeneity in the crystals. To 
understand these phenomena, we used PbBr2 – AgBr and PbI2-PbSe system.  Several set of experiments were 
performed with PbBr2 –AgBr system where we kept concentration of AgBr below 5wt%. All experiments were 
performed in the vertical Bridgman configuration. When translation was stopped, we observed planar interface. The 
planar solid-liquid interface is shown in Figure 1. It is essential to keep planar solid-liquid interface for achieving the 
good quality crystals.  
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Figure 1. Solid-liquid interface is planar in a 25 mm diameter growth tube during Bridgman growth. Yellow color 
shows the solid and red is the molten doped PbBr2 

When we increased the concentration of silver bromide above 2wt% and growth rate above 3 cm/day, we observed 
the destabilization of the solid-liquid interface. The solid-liquid interface destabilized and then interface breakdown 
was observed in the center portion of the growth tube. Figure 2 shows sequential development of instabilities at the 
solid-liquid interface. As shown in Figure 2 (a), a thick layer starts destabilizing at the interface which turns into 
concave in the center of the ampoule as shown in the Figure 2(b).  As the growth proceeds, small disturbance turns 
into a large well developed toroidal instability ( Figure 2c). The donut shape instabilities in the center of the crystal 
have very interesting structures itself. This toroidal instability causes complete breakdown of the solid-liquid 
interface (Figure 2d) resulting into microsegregation and microprecipitates.  

 

Figure 2. Sequential development of instabilities at the interface. (a) thick layer destabilizing at the interface, (b) 
interface turned concave in the center of the ampoule, (c) well developed torodial instability and (d) complete 

breakdown of the solid-liquid interface. 

We observed that in some cases (reduced growth or reduced concentration of dopant) dimension of the instability is 
small. They appear in the form of a small spot which turns into a line as the solidification proceeds. Figure 3 shows 
an example of the line defect due to this double diffusive convection caused by dopant and thermally driven force.   

(a) (b)

(c) (d)
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Figure 3. A large line defect and void in the crystal results due to instability. Diameter of the ampoule is 25mm 

 

The development of this torodial instability is due to the double diffusion convection which generates density 
gradient as a function of height.  This condition has been modeled (3,5,8) and can be determined by an analysis of 
the behavior of fluid elements which are displaced vertically.  In the condition double-diffusive convective flows, 
redistribution of both heat and solute occurs in the liquid phase and it causes the temperature and concentration 
fields to be very different than those predicted by pure diffusive conditions. In the large diameter materials the slight 
variation in the thermal gradient and solute causes fluid to flow up in the ampoule (near furnace wall) and move into 
center to downward. This causes circular flows coming down in the center portion of the ampoule which develops 
the Torodial shape interface. To achieve the completely homogeneous crystal is required it is essential to control the 
convective flows. As a result of convection in a pure material, hot fluid rises upward at the container wall and the 
convexity of the interface is enhanced.  For a doped material, depending on the distribution coefficient value 
(whether K>1 or K<1), rising hot fluid carries solute rich or solute deficient liquid to the solid-liquid interface.  This 
affects the equilibrium solidification and situation becomes much more complex.. 

2.3  Crystal growth and Fabrication and Crystal Performance  

Figure 4 shows as grown pure and doped Bridgman grown (a) low concentration and (b) large concentration doped 
lead bromide crystals. Figure 5 shows a doped lead iodide crystal. This crystal grown with one time directionally 
solidified source material.  The as-grown boules were visually inspected for major imperfections.  Samples were 
then cut by wire saw both parallel and perpendicular to the growth direction.  The surfaces were prepared for visible 
and IR microscopic examination.  We fabricated crystals into cm size slabs to evaluate their quality.  The surfaces 
were polished by Linde A powder to achieve optical quality surfaces.  A typical fabricated large concentration 
doped slab is shown in Figure 6. We have made measurements on resistivity of doped PbI2 and PbBr2 crystals grown 
by Bridgman method and HgI2 by physical vapor transport (PVT) method.  These measurements were made in 
preparation for deciding detector dimensions for suitable bias voltages and leakages currents.  Table 1 shows the 
results of our measurements.  
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Figure 4. 
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Figure 6.  Heavily Doped lead bromide crystal showing variation of dopant concentration 

Table 1. Resistivity of  PbI2, PbBr2 and HgI2 crystals 
Property     Doped PbBr2  Doped PbI2  HgI2 
Resistivity (Ω-cm)   8.8x107   6.5x 109   3x1012  
Dielectric constant   30.7   11.8   8.5 
 

The doped PbI2 and PbBr2  showed  resistivity values which are several orders of magnitude lower than HgI2.  But 
published results for high purity PbI2 indicate that this can be increased up to and possibly above the 1012Ω -cm 
range for PbI2. To achieve this, further purification by repeated directional solidification and zone refining of 
materials is required.  In order to get some quantitative idea we performed the etchpit study and X-ray rocking 
curves  2θ−ω scans. The etchpit data is shown in Figure 7.  

 

Figure 7. Etchpit density for doped lead bromide (a) middle portion, (b) 2 cm from seed end (c) 1.5 cm from tail 
end. 
 

3. Summary 
The resistivity and bandgap of lead bromide and lead iodide can be tuned by doping to achieve lead halide based 
detectors. The reduction of crystal defects requires thorough study on convector-diffusive studies. The purification, 
growth of large crystals  involves understanding and development of suitable etchants is main issues which should 
be  addressed for achieving large crystals.  Preliminary studies indicate that directional freezing or zone refining 
methods can achieve extremely pure crystals and hence very high (1011 to 1012 Ω-cm) resistivity. The biggest 
advantage is that this class of materials can be produced by commercial crystal growth processes at low cost. 
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