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Abstract

Cadmium zinc telluride crystals of 4.8 cm in diameter grown by the boron oxide encapsulated vertical
Bridgman technique exhibit good structural quality with large grains and low dislocation density. However,
the ingots contain Te inclusions, which are trapped at the growth interface during the crystallization process.
Global modeling of the furnace was applied in order to investigate the temperature gradients and the evolution
of the growth interface shape in this system. Transient computations, which include the crucible movement,
show that the crystal-melt interface is concave toward the melt in the conical part of the ampoule, then
becomes convex during the growth in the cylindrical part of the ampoule. Concave shapes of the interface and
very homogeneous temperature distribution at the beginning of the solidification process promote the growth
of a polycrystalline material. A novel hypothesis explaining the mechanism of grains formation at the
ampoule tip was formulated. Our calculations show that the anomalous Zn segregation is due to the poor
solute mixing at the beginning of the solidification process. The modeling of the standard growth process

reveals very low vertical temperature gradients in the crystal (2-4 K/cm). Such low temperature gradients are



not favorable to eliminate the Te inclusions in the as grown crystal. A numerical model was employed to

analyze the temperature field influence on the migration/size reduction of Te inclusions.
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1. Introduction

CdZnTe (CZT) is one of the leading materials used for infrared, X-ray and y-ray detectors [1-3]. The
performance of CZT detectors depends on the quality of the crystalline material. The commercial applications
of CZT are limited by the presence of some material defects as the grains boundaries, dislocations, inclusions
and non-homogeneous Zn distribution.

Bridgman growth of CdTe and CdzZnTe crystals have been extensively studied by means of
experiments and numerical modeling [4-10]. It was found that slightly convex (towards liquid phase) shapes
of the crystal-melt interface promote the growth of good quality crystals. On the contrary, too concave
interface shapes at the start of the crystallization process lead to multiple grains formation. Several papers
[6,9] have been dedicated to the optimization of the temperature field in Bridgman furnaces, with the aim of
controlling the interface shape during the growth process.

Good quality CZT crystals were grown by the encapsulated vertical Bridgman technique in a three
zone furnace. The experimental technique is described in [11-14]. Before growth, the charge with a zinc
concentration of 10% was doped with indium, with the aim of getting high resistivity CZT used for X-ray
detector applications. During growth, the charge was covered by a liquid boron oxide layer that prevents the
contact between the growing crystal and the ampoule walls. The ingots of 4.8 cm in diameter grown in this
configuration exhibit very low dislocation densities (103 — 10* cm~2) and few large grains. However, the
presence of Te inclusions in the crystals is a major issue for the quality of this material. The inclusions of size
larger than 1 um are trapped at the crystal-melt interface during the solidification process [15]. It is supposed
that low vertical gradients across the solid CZT sample during the growth process are not favorable for

eliminating the Te droplets.



In this work, numerical modeling is applied to investigate the temperature gradients, the evolution of
the growth interface shape and the Zn distribution in CdZnTe crystals grown by the encapsulated vertical
Bridgman method. A novel numerical model was employed to simulate the migration of Te inclusions under

the influence of a vertical temperature gradient.

2. Numerical model

The modeling is conducted for the crystallization experiments performed in a three zone vertical
Bridgman furnace [11-14]. Cd;..Zn,Te (x=10%) crystals of 4.8 cm in diameter and about 7 cm in length were
grown in cylindrical quartz ampoules having a conical tip. After the charge melting, the ampoule is moved
down at 0.5-2 mm/h rate. The charge is fully encapsulated by a boron oxide layer of 100-200 um in thickness.

Global modeling of the furnace is performed by using the finite element code COMSOL
Multiphysics. The coupled equations of heat transfer, momentum and species transport are solved in an
axisymmetric domain (Fig. 1). The shape of the crystal-melt interface and the crucible movement are
computed by applying a deformable mesh technique. The heat transfer includes thermal exchanges by
conduction and wall-to-wall radiation. The gas convection effect is simulated by introducing an increased
thermal conductivity of the inert gas. The flow computations include the buoyancy convection in the melt.

The segregation of Zn at the crystal-melt interface is described by the following equation:
p=-D-VC-Ai=(1-K)-V-7R)-C
1)
where ¢, D, K, C}, V and 7 are the solute mass flux, diffusion coefficient, segregation coefficient, species
concentration in the liquid at the interface, growth rate and the normal vector at the interface, respectively.

More details about modeling the Bridgman growth of CZT are given in a previous work [16].

3. Results
3.1 Standard growth process
Figure 1 shows the numerical results at the beginning (Fig. 1a) and by the end (Fig.1b) of the growth

process. The power supplied in the resistive heaters is considered constant during the crystallization process.
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The ampoule is moved down at constant rate Vi = 2 mm/h. The transient computations show that the
solidification rate (Vs = 0.5mm/h) is smaller than the translation rate of the ampoule. Since the
computations with deformable mesh are not convergent when the solidification front arrives at the top of the
conical part of the ampoule, the modeling of the growth in the cylindrical part of the ampoule is performed by
starting a new computation with an initial flat shape of the crystal-melt interface.

Temperatures are very homogeneous in the solid-liquid sample (see the left side of the images in Fig.
la and 1b). The vertical temperature gradients in the crystal near the solidification interface are very low:
Gs = 1K /cm at the beginning of the growth process and, respectively, Gs = 4K /cm for the solidification in
the cylindrical part of the ampoule. The crystal-melt interface is concave toward the melt in the conical part of
the ampoule, then becomes slightly convex in the cylindrical part of the ampoule. The flow pattern exhibits
two opposite vortices during the early stages of the growth, and only one flow cell by the end of the
crystallization process (see the right side of Fig. 1a and Fig. 1b).

Fig. 2 shows the evolution of the velocity field (left side) and Zn concentration (right side) during the
solidification in the conical part (Fig. 2a) and the cylindrical part (Fig. 2b) of the ampoule. The blue line
represents the solidification isotherm. At the beginning of the crystallization process (time t = 0.5 h), the
crystal-melt interface is concave with a large curvature (interface deflection f = 0.33 ¢m). The melt flow
consists of two opposite vortices. The first one is located in the conical region, with the liquid flowing upward
along the symmetry axis, while the second one is weaker and located in the cylindrical region of the ampoule.
The maximum flow velocity is located near the ampoule wall: u,,,, = 5.28 - 10~*m/s. The left part of the
image shows the dimensionless Zn concentration (C/C,). The iso-concentrations are significantly distorted by
the flow in the region adjacent to the growth interface. The radial segregation at the crystal-melt interface is

estimated by the following formula:

8C — Cmax—Cmin (2)

Cav

where Cpgxr Cmin and C,,, are the maximum, the minimum and the average concentrations in the liquid along
the growth interface. The value computed at ¢t = 0.5 h is §C = 0.07 (Cin, and Cpq are located at the center

and near the ampoule wall, respectively).



The results plotted for the solidification times t = 4.2 h and t = 6.6 h show that the shape of the
crystal-melt interface remains concave during the crystallization in the conical part of the ampoule (Fig. 2a).
The interface deflection increases to f = 0.6 cm at t = 4.2 h, then decreasesto f = 0.5cm att = 6.6 h. The
flow pattern and the concentration field are only slightly changed during the growth in the conical part of the
ampoule. The maximum flow velocity decreases t0 U4, = 4.67-10"*m/s at t = 6.6 h.The radial
segregation decreases from §C = 0.045att =4.2hto5C = 0.03 att = 6.6 h.

Fig. 2b shows that the crystal-melt interface is still concave shaped at the beginning of the
solidification in the cylindrical part of the ampoule. The values of the interface deflection and radial
segregation at time t = 9 h are respectively: f = 0.4 cm and 6C = 0.03. The shape of the crystal-melt
interface is almost flat at t = 17.6 h, then becomes slightly convex. The flow pattern is changed at t = 17.6 h
exhibiting one single vortex extended in the whole volume of the melt. The liquid rises along the ampoule
wall and downwards along the symmetry axis. The change in the flow pattern generates large radial
segregation at t = 17.6 h (6C = 0.2). The interface become convex shaped after 18 h of crystallization and
the radial segregation decreases: f = —0.1 cmand §C = 0.04 att = 61 h.

Fig. 3 compares the measured Zn concentration profile to the numerical results. Measurements of Zn
distribution in CZT crystals grown with and without encapsulation have been performed by means of the
photoluminescence mapping in a previous work [14]. The measured Zn concentration profile along the
symmetry axis of the ingot show anomalous segregation. The concentration increases in the first part of the
ingot (solidified fraction fg < 0.15), then decreases toward the crystal tail. The numerical computations are
started at the solidified fraction fg = 0.1 by considering a homogeneous initial zinc distribution in the melt
(Co = 10%). The computed Zn distribution along the crystal axis is in agreement with the measured profile
(Fig. 3). Numerical computations with deformable mesh were convergent until fg = 0.9.

The anomalous Zn segregation could be explained as a result of the poor solute mixing at the bottom
part of the ampoules having a sharp conical tip. Fig. 4 shows the dimensionless concentration field (C/C,), Zn

isoconcentrations and the velocity field at the beginning of the solidification process. The solutal mass flux

has a maximum at the interface center (17 -7 = V) and a minimum near the crucible wall (I7 1 =V"-cosg,

where ¢ is the angle between the normal vector at the interface and the growth direction). Therefore, Zn

5



concentration in the melt decreases more rapidly at the interface center than near the ampoule wall. If the
conical part of the ampule is sharp, the convection is weak at the center of the growth interface. The poor
solute mixing generates a stratified composition of the melt, with increasing Zn concentration along the
symmetry axis (see Fig. 4). The crystallization of a liquid with a stratified Zn composition leads to anomalous
segregation behavior.

The grains formation at the beginning of the crystallization process is explained in Fig. 5. The radial
variation of Zn concentration along the crystal-melt interface is significant at the beginning of the growth
process. The non-uniform Zn distribution along the crystallization front influences the solidification
temperature, which is given by the formula:

Ts(C) =T +m, - C
(©)
In the above formula T is the solidification temperature of CdTe (T = 1365 K), m, is the liquidus slope
(m;, = 1.8 K/% ) and C; is the concentration in the liquid at the growth interface.

If the crystallization occurs under low vertical temperature gradient (G, = 1K /cm at the beginning of
the growth process), even small variations of the solidification temperature can generate a distorted shape of
the interface and promote grains formation. The computed shapes of the growth interface carried out from
simulations which neglect and, respectively, account for the dependence of the melting point on the Zn
concentration are shown in Fig. 5a and b. The case computed by neglecting the liquidus effect shows a
concave shaped interface (f = 0.25 c¢m) at the beginning of the solidification process (Fig. 5a). Significant
variation of Zn concentration is observed along the growth interface: (C/Cy)™" = 0.97 at the liquid center
and (C/Cy)™** =1 near the ampoule wall. As the temperature increases along the vertical direction, the
liquid at higher Zn content (high T) adjacent to the ampoule wall reaches the solidification temperature and
crystalizes at the same time as the melt of lower Zn content (low Ts) located at the center of the tip. The
computation performed by accounting the liquidus effect shows that the crystallization starts simultaneously at
the center of the tip and from the ampoule wall (Fig. 5b). These results are in agreement with the experiments
showing that large grains develop from the bottom part of the ampoule (Fig. 5¢). The computations with
deformable mesh which account for the liquidus effect can be conducted only at the beginning of the
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crystallization process. This kind of computations becomes divergent when the interface shape is too
distorted. Therefore, the modeling of the full crystallization process was performed by neglecting the liquidus
effect.

Numerical computations of the crystal-melt interface shape are compared to previous experimental
measurements [13]. In this experimental work, the growth interface shape was studied by means of
photoluminescence mapping. The crystals grown by the encapsulated Bridgman method were cut parallel to
the growth direction, then scanned by a laser beam. The peak energy was then converted into zinc content.
This procedure allows the zinc concentration mapping in the samples. The isoconcentrations were interpreted
as showing the growth interface shape.

Fig. 6 shows the concentration field and isoconcentration contours computed for two solidified
fractions: fg = 0.29 (Fig. 6a) and f; = 0.55 (Fig. 6b). It can be observed that the isoconcentration contours
are significantly deformed by the convection at the beginning of the solidification in the cylindrical part of the
ampoule (fs = 0.29). In this case, the lines of constant concentration cannot be interpreted as showing the
interface shape. The results obtained at f; = 0.55 show that the solutal field is less affected by the
convection, so, in this case, the isoconcentrations follow the interface shape. The computed interface
deflection f = 1 mm (at fs = 0.55) is in good agreement with the experimental result carried out from the

photoluminescence mapping [13].

3.2 Migration of Te inclusions

The results presented in the previous section reveal low vertical temperature gradients (2-4 K/cm) in
the solid-liquid sample during the crystallization process. It is supposed that such low temperature gradients
are not favorable for the elimination/reduction of Te precipitates in CZT crystals.

In the followings, numerical modeling is employed to analyze the influence of temperature conditions
on Te droplets migration/elimination. The simulation domain contains a Te inclusion of 30 um in diameter
and the surrounding solid sample of 2 mum in thickness. Time dependent heat transfer and species equations
are solved in a 2D axisymmetric domain. Solute segregation at the solid-liquid interface is described by Eq. 1.

The melting point dependence on Te concentration (Eg. 3) is taken into account in these computations. The



values of the segregation coefficient (K = 0.55) and the liquidus slope (m; = — 8K /%) are taken from the
phase diagram of CdTe [17]. The simulations are started with the following initial concentrations of tellurium;
Cte(inclusion) = 100% and Cre(solid) = 50%. The shape of moving Te inclusions is computed by using
the deformable mesh technique. Computations are performed with different values of the vertical temperature
gradient: G = 8K/cm (Fig. 7a), Gg = 2K/cm (Fig. 7b) and G = 0.1K/cm (Fig. 7c). The temperature
increases linearly to the upper part of the simulation domain with a maximum of 1360 K at the top surface.

The migratory mechanism of Te inclusions under the influence of a temperature gradient was
explained by Vydyanath et al. [18] It was found that at temperatures higher than 723 K, the Te inclusions are
in the liquid state and dissolve the surrounding solid CdZnTe. As the layer around the inclusion is enriched in
Te, the solidification temperature of CdZnTe decreases (according to Eq. 3).Therefore, the solid at the hot part
of the inclusion (top end) is melted, while the cold part of the inclusion (bottom end) is solidified. If the
temperature difference between the bottom and the top part of the inclusion is high enough, the droplet
migrates towards the high temperature zone.

Fig. 7a shows numerical results obtained in the case of high temperature gradient G¢ = 8K /cm. The
transient computations with deformable mesh are not convergent after t = 1800 s since the droplet shape
becomes too distorted. The results plotted at times t = 0s and t = 1800 s reveal that the inclusion moves
towards the top surface of the simulation domain. The time evolution of z-coordinate at the bottom and,
respectively, at the top part of the droplet is plotted at the right side of the figure. Numerical results show that
the droplet moves up with an average velocity of 1078m/s. The droplet diameter decreases from 30 um
(t=0s)to26 um (t = 1800 s).

Numerical results carried out from the simulation with Gg¢ = 2K /cm (the average vertical temperature
gradient in the solid sample during the crystallization process) are shown in Fig. 7b. In this case, the
temperature difference across the droplet is not high enough to trigger an efficient migration mechanism. The
time evolution of z-coordinate reveals a low migration rate (2 - 10~°m/s) and only a small reduction of the
droplet diameter (29 um at t = 1800 s).

The computation performed with Gs = 0.1K/cm shows that there are no changes in either the size or

the position of the droplet (Fig. 7c).



The influence of the ingot temperature on the migration/elimination mechanism of Te inclusions is
analyzed in Fig. 8. The computations are performed with two temperatures: T = 1360 K (the average
temperature of the solid sample during the crystallization process) and T = 1000 K (temperature reached
during the cooling down process). The applied temperature gradient is Gg = 6K/cm. Numerical results
obtained in the case of high ingot temperature (T = 1360 K) reveal that the Te droplet moves up with an
average velocity of 10~8m/s (Fig. 8a). The droplet size is slightly reduced from 30 um (t = 0 s) to 28.3 um
(t = 1100 s). These results show that the migration/elimination mechanism of Te inclusions is not efficient at
high temperatures reached during the crystallization process. On the contrary, the elimination mechanism
becomes effective at temperatures around 1000 K reached during the cooling down stage of the elaboration
process. The results plotted in Fig. 8b show that the droplet size is reduced to 0.5 um at t = 2700 s. The
inclusion is also moving up with an average velocity of 3 - 10™m/s.

These numerical results are in agreement with the results obtained in experimental annealing of CZT
wafers under a temperature gradient. Several experimental works [19,20] have shown that the elimination
efficiency of Te inclusions after annealing under a temperature gradient of 7 — 8 K /cm increases largely at

annealing temperatures around 1015 K.

3.3 Modified growth process

According to previous numerical results, the growth process should be modified in order to allow the
elimination of Te inclusions, which becomes effective under a temperature gradient of about 6 K/cm applied
at temperatures around 1000 K.

In the standard growth process, the crystallization is ended when the ampoule is positioned at the top
part of the second heat zone (see Fig. 9a). The computed vertical temperature gradient along the symmetry
axis of the ingot is shown at the right side of the figure. The average value of G in the cylindrical part of the
ingot is about 4.5 K/cm. The temperature gradient reaches 6 K/cm only at the top part of the ingot. In the
Fig. 9b, the ampoule was lowered down by 1.5 cm, in order to increase the average temperature gradient in

the cylindrical part of the ingot to 6.5 K/cm. The mean temperature of the ingot is 1230 K. At this stage of



the elaboration process, the temperature should be decreased to 1000 K by keeping the ampoule in the same

position. After 1 h annealing at 1000 K, the ingot may be cooled down to the ambient temperature.

4 Conclusions

Numerical modeling was applied to investigate the temperature gradients, the shape of the crystal-
melt interface and Zn distribution in CZT crystal growth by the encapsulated Bridgman technique. This work
presents for the first time numerical results carried out from a global modeling of this kind of furnace that
includes also the ampoule translation and tracking of the growth interface.

Transient simulations of the complete solidification process show that the solid-liquid interface is
concave shaped at early stages of the growth and becomes convex shaped by the end of the crystallization
process. These results are in agreement with previous experimental characterization of the crystals by means
of photoluminescence mapping showing convex shapes of the interface in the cylindrical part of the ampoule.
The modeling shows that Zn isoconcentrations reveal the crystal-melt interface shape only at the upper half of
the ingot (solidified fraction fg > 0.5).

A novel hypothesis explaining the anomalous Zn segregation observed in experiments was proposed.
The increasing concentration profile in the first part of the crystal could be explained by the poor mixing of
the solute at the ampoule tip, which leads to a stratified composition of the melt in the vicinity of a concave
shaped growth interface.

A mechanism explaining the grains formation at the beginning of the solidification process was
proposed and validated by comparing the numerical results to the experimental observations.

The results obtained from modeling the crystallization process reveal low vertical temperature

gradients in the solid sample, which are not favorable for the elimination of Te precipitates at high
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temperatures. Numerical modeling of Te inclusions migration in the solid CZT shows that the droplets
elimination mechanism is effective under a vertical temperature of 6 K/cm applied at temperatures around
1000 K. The elaboration process should be accordingly modified in order to allow the Te inclusions

elimination during the cooling down stage.
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the liquidus effect; (c) Photograph showing large grains developing at the ampoule tip.
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