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Abstract
Cd1−x ZnxTe crystals are annealed in Cd/Zn vapours to eliminate Te-rich phases.
During the saturated Zn partial pressure annealing and the high-temperature
annealing under low PZn, large Te-rich phases gather at the slice surface through
thermo-migration. This process increased the stress in the bulk crystals and
caused the formation of defects such as twins, stacking faults, and dislocations.
The IR transmission is greatly improved by annealing the slices under saturated
PZn and then removing a layer from the surface of the slices with a thickness
of about 50 µm. For Cd1−x ZnxTe slices annealed at low temperature and low
Zn partial pressure, the reduction of the Te-rich phases greatly depends on the
diffusion of the atomic defects.

1. Introduction

The II–VI semiconductor Cd1−x ZnxTe has a wide variety of applications including in x-ray or
γ -ray detectors and the epitaxial growth of HgCdTe infrared (IR) detector wafers, especially
Cd1−x ZnxTe with x = 0.04. Bulk crystals of Cd1−x ZnxTe with high quality are very difficult
to obtain. Commercial Cd1−x ZnxTe crystals usually contain defects such as twins, sub-grain
boundaries, dislocations, and Te-rich phases. These defects, especially Te-rich phases, will
seriously degrade the optical and electrical properties of the crystals. Two kinds of Te-rich
phase exist in Cd1−x ZnxTe crystals, namely Te precipitates and Te inclusions. They form
through different mechanisms. At high temperature, a relatively large amount of excess Te
dissolves in Cd1−x ZnxTe and exists as point defects. The solubility of Te decreases as the
temperature decreases. The excess Te forms Te precipitates. For growth from a Cd1−x ZnxTe
melt, the solid–liquid interface tends to be unstable. The Te-rich droplets will be trapped by
the growing interface. After solidification, Te inclusions appear at the position of the Te-rich
droplets included.

Te precipitates and Te inclusions are distinguished by their size. Usually, Te precipitates
are in the range 10–30 nm [1]. Direct observation and measurement of the precipitates are very
difficult. They cannot be ‘seen’ by the metallography method. The IR spectra of Cd1−x ZnxTe
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Table 1. The parameters for annealing experiments.

Heating T1
a T2

b Time Concentration of
Slice no rate (◦C h−1) (◦C) (◦C) (h) the reservoir (mg) Notes

1 70 700 650 40 Cd(198) + Zn(3.1) Saturated-PZn

2 50 500 400 60 Cd(444) + Zn(11.1) annealing

3 140 700 500 40 Cd0.995Zn0.005 High-temperature
4 140 700 500 100 Cd0.995Zn0.005 annealing in low PZn

5 70 700 500 40 Cd0.995Zn0.005

6 50 500 400 40 Cd0.999Zn0.001 Low-temperature
7 50 500 400 100 Cd0.995Zn0.005 annealing in low PZn

a T1: slice temperature.
b T2: Cd reservoir temperature.

slices indirectly show the density and the distribution of Te precipitates [2]. Te inclusions are
much larger. Their dimensions are usually larger than 1 µm [3–6]. Larger inclusions can be
several hundred micrometres and can be easily shown by etching with appropriate etchants.

Te-rich phases existing in the as-grown Cd1−x ZnxTe crystals are reduced by annealing
the slices in Cd or CdZn vapour. The aim of this paper is to find the appropriate annealing
conditions for eliminating Te-rich phases and improving the properties of the crystals.

2. Experimental procedure

Cd1−x ZnxTe crystals with x = 0.04 and diameter 30 mm were grown by the vertical Bridgman
method modified with the accelerated crucible rotation technique (ACRT-B) in our laboratory.
The temperature gradient at the growing interface was 10 ◦C cm−1. The crystals were cut into
1 mm thick slices and mechanically polished on both sides.

As-grown slices with dense and large Te-rich phases were chosen in the experiments
for the purpose of revealing the variation of Te inclusions in morphology and size. After
etching with E and EAg solutions [7], Te inclusions are clearly seen using SEM (scanning
electronic microscopy). The IR spectra of the slices before and after annealing were measured
to show the influence of the heat treatment on Te precipitates. Three classes of annealing
conditions, including annealing in saturated Zn partial pressure, high-temperature annealing
in low Zn partial pressure, and low-temperature annealing in low Zn partial pressure, were
applied according to our theoretical analysis in our former papers [8, 9]. The detailed annealing
parameters are shown in table 1. The reservoir metals Cd + Zn or Cd1−yZny are designed to
maintain the required Cd and Zn partial pressure.

For each of the six experiments, the Cd partial pressure (PCd) was kept within the existence
region of Cd0.96Zn0.04Te according to the P–T phase diagram [10]. The Zn partial pressure
(PZn) for the saturated Zn partial pressure annealing is one order higher than the upper limit
of PZn in the P–T phase diagram. High-temperature annealing in low Zn partial pressure was
designed to keep the slices at 700 ◦C and PZn within the existence region of Cd0.96Zn0.04Te.
The upper and lower limits of the partial pressure for Te, Zn, and Cd elements defined by the
three-phase loops of Cd0.96Zn0.04Te are varied with the temperature of the slices in the P–T
phase diagrams. Thus, for low-temperature annealing in low Zn partial pressure, although the
temperature for the slice and the reservoir are noted to be 500 and 400 ◦C respectively, the
condition of PZn for this group of annealing parameters is the same for as high-temperature
annealing in low Zn partial pressure.
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Figure 1. The concentration profiles measured on the cross-section of slice No 1.

3. Results and discussion

3.1. Saturated-PZn annealing

3.1.1. Concentration distribution in the surface layer. Both No 1 and No 2 slices were
annealed in saturated Zn partial pressure despite the difference in annealing temperature.
After annealing, surface layers with thicknesses of 17–27 µm were formed on both of these
samples according to the concentration profiles measured on the cross-section of the annealed
slices for Zn, Cd, and Te as shown in figure 1 [8]. A sharp change takes place at the boundary
located between the surface layers and the bulk crystals. In the surface layer, the concentration
of Zn is higher than 10 at.%. It corresponds to x � 0.2, while the original concentration of
the bulk crystal is x = 0.04. In addition, the concentration of Te in the surface layer, which
amounts to 54–69 at.%, is also much higher than that in the bulk crystal.

3.1.2. Thermo-migration of Te-rich phases and its effects on other defects. Systematic etching
experiments were carried out to show the microstructures in slices No 1 and No 2. Table 2
describes various microstructures observed in them at different positions along the direction
perpendicular to the slice surface. SEM photos of these typical microstructures are shown in
figure 2. Careful study led to the conclusion that the regular distribution was closely related
to the migration of the Te-rich phases.

During the heating period of the annealing process, the temperature on the slice surface
is higher than that of the centre part of the slice. The temperature gradient points to the
surface. As long as the temperature is higher than the melting point of Te at some part of the
slice, Te-rich phases located there are melted into Te-rich droplets. These droplets migrate
along the temperature gradient and gather at positions adjacent to the slice surface. This
process could occur as a result of the dissolution of Cd0.96Zn0.04Te in Te droplets at the higher-
temperature ends and precipitation at the lower-temperature ends. The diffusion coefficient
of Cd and Zn in liquid Te is high enough to support this mechanism [11]. The slices in this
experiment are cut on the (111) plane and the thermo-migration direction of the droplets is
perpendicular to the (111) plane. The precipitation of Cd0.96Zn0.04Te at the lower-temperature
end of the Te-rich droplets resembles the homogeneous epitaxial growth of Cd0.96Zn0.04Te on
(111) Cd0.96Zn0.04Te substrates.
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Table 2. The distribution of different microstructures in the depth direction of the slices annealed
under saturated Zn partial pressure. The observation plane is (111); ‘con.’ stands for concentration.

EPD of the
Distance from scattering
the surface Te-rich Dislocation dislocations Layered Te-rich
(µm) strips associations (cm−2) structures phases

0–25 — (The surface layer)
25–30 The crossing — — — —
(figure 2(a)) angles are

60◦ or 120◦;
Te con.: >70 at.%

28–35 — With small- 4.7 × 105–106 — —
(figure 2(b)) — angle grain (in the etch

boundaries, pits, Te
in which Te con. is >80 at.%)
con. is >80 at.%

35–42 — A few small- >1 × 107 (the Large amount
(figure 2(c)) angle grain etch pits are not of layered

boundaries, rich in Te) structures, —
which are not with the crossing
rich in Te angles of 60◦

42–50 — — — Layered strips In the layered
(figures 2(d), (e)) — — — structures

>50 A few Next to the
(figure 2(f)) — — — — layered

structures

If the stacking order of the (111) plane meets faults, a stacking fault will occur. The nuclei
of the stacking faults grow in the shape of an upside-down tetrahedron. After etching, the
stacking faults appear as triangular-layered structures with crossing angles of 60◦, as shown
in figures 2(c)–(f). The quantity of the layered structures that appear at a certain location is
determined by the size of the Te-rich droplets removed. Figure 3 is a diagrammatic sketch of
the growth of the stacking faults and their morphology observed on the (111) plane.

Te-rich droplets migrate as thin discs (figure 4). Their dimension normal to the migration
direction (denoted by L) increases as the droplets get closer to the slice surface. When they
arrive at the position where the distance from the original slice surface is 28–35 µm, L becomes
very large. The stress in the crystal at the same location increases rapidly and causes the
multiplication of dislocations. In regions with high densities of dislocations, small-angle grain
boundaries tend to be formed (figure 2(b)). The Te-rich droplets continue to move. At the
position at a distance of 25–30 µm from the surface, L becomes larger and correspondingly
the stress at this site mounts still higher, and twins are formed. In Cd0.96Zn0.04Te the first twins
were {111}–{111} and {112}–{112} twins. The morphology of two crossed twins is shown
on the {111} plane as strips with the crossing angles of 60◦ or 120◦ (as shown in figure 2(a)).

Te-rich phases tend to accumulate near twins, dislocations, and small-angle grain
boundaries. Thus the concentrations measured near those defects are rich in Te. Te-rich
phases migrate to and gather near the slice surface and are gradually reduced by reacting with
the interdiffusing Cd and Zn from the vapour phase. The Te-rich phases with large dimensions,
i.e. Te inclusions, in the bulk crystal are eliminated as a result of this process.

The Te precipitates are too small to migrate because of the high interface energy. However,
the greater the driving force of the thermo-migration, the smaller the smallest Te-rich droplets
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(a) (b)

(c) (d)

(e) (f)

Figure 2. (a) Te-rich strips locate at a depth of 25–30 µm. (b) The small-angle grain boundaries
and the dislocations observed at a depth of 28–35 µm; ⊕ shows the measurement position for the
concentration. (c) Typical layered structure in the bulk crystal at a depth of 35–42 µm. (d) Layered
structure locates in the bulk crystal at a depth of 42–50 µm. (e) An enlargement of the strip shown
in (d). (f) A small amount of layered structure lying at the centre of the slices locates at a depth
greater than 50 µm.

that can migrate. Also, the migrating Te droplets can entrap Te precipitates on their way to the
surface and reduce the density of the Te precipitates. The larger the quantity of Te-rich phases
participating in the migration, the better this mechanism works in reducing Te precipitates.
We compared the IR spectra of slice No 1 before and after the annealing in saturated Zn partial
pressure in figure 5. Before the IR spectra of the annealed slice were measured, the slice was



10188 Y Li and W Jie

Figure 3. The stacking fault nucleates and grows at the lower-temperature end of the migrating
Te-rich droplet and its morphology observed on {111} plane; ↑ denotes the thermo-migration
direction of the Te-rich phases, which is the same as the direction of the temperature gradient.

Figure 4. Te-rich droplets that migrated as thin discs.

mechanically polished to remove a layer of 50µm to eliminate the influence of the surface layer
and the Te-rich-phase accumulated layer of the bulk crystal. The most noticeable phenomenon
is that the IR transmittance of the bulk crystal rises considerably upon annealing, in spite of
the influence of the change in slice thickness.

All in all, after annealing in saturated PZn and removing a layer of 50 µm from the slice
surface, the Te-rich phases, including both Te precipitates and the Te inclusions, in the bulk
crystals are mostly removed and the IR transmission is obviously improved.

3.2. High-temperature annealing in low PZn

For slices Nos 3–5 annealed at high temperature and low PZn, no such surface layer formed
on the slice surfaces. After etching, large Te inclusions were found on the surface (figure 6).
The area percentage of the Te-rich phases over the whole observation area is about 15%. On
increasing the heating rate of the annealing process from 70 to 140 ◦C h−1, bulk Te inclusions
in figure 6 were replaced by net-shaped Te-rich phases existing adjacent to the small-angle
grain boundaries, which occupy about 20% of the observed area on the slice surface (figure 7).

In slices annealed at high temperature and low PZn, Te inclusions migrate in the same way
as those in the slices annealed in saturated PZn. The increased heating rate causes stronger
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Figure 5. The IR transmission spectra of slice No 1 before and after annealing.

Figure 6. The large Te-rich phase on the surface of slice No 5 after annealing (the heating rate is
70 ◦C h−1, and the annealing time is 40 h).

Figure 7. The small-angle grain boundaries and the nearby net-shaped Te-rich phases (the heating
rate is 140 ◦C h−1, and the annealing time is 40 h).
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Figure 8. The scattering dislocation etch pits and small Te-rich phases (outlined with a circle) in
slice No 4 after annealing (the heating rate is 140 ◦C h−1, and the annealing time is 100 h).

thermo-migration and results in greater amounts of Te inclusions gathered on the surface. A
prolonged annealing process permits the Te inclusions moved to the slice surface to equilibrate
for longer with the outside vapour pressure and this results in the gradual elimination of the
inclusions. Thus, after annealing for 100 h, only a few inclusions with dimensions smaller
than 50 µm are left on the slice surface (figure 8). The etch pit density in figure 8 is (4–
8) × 105 cm−2. The IR transmission was not improved much upon annealing. The strength
of the thermo-migration under this annealing condition is much weaker than that under the
annealing condition with saturated PZn. Considerable quantities of Te-rich phases, especially
Te precipitates, remained in the bulk crystals.

3.3. Low-temperature annealing in low PZn

After annealing at low temperature and low PZn, no inclusions were found to accumulate near
the surface in slices Nos 6 and 7. This indicates that the thermo-migration of the Te-rich
phases was very weak. The elimination of the Te-rich phases was greatly dependent on the
process of diffusion of the atomic defects, such as interdiffusion of Cd and Zn interstitials and
out-diffusion of Cd vacancies.

Annealing for a very long time was needed to improve the IR transmittance. However,
in figure 9, the etch pit density in the bulk crystals was found to decrease from 4 × 105 cm−3

before annealing to about 1 × 104 cm−2 after annealing.

4. Conclusions

(1) Large Te-rich phases gather at the slice surface through thermo-migration during the
saturated Zn partial pressure annealing, and the high-temperature annealing in low PZn.
The migration process increased the stress in the bulk crystals and caused the formation
of twins, stacking faults, and dislocations with high densities. The stronger the thermo-
migration, the better the results as regards eliminating Te-rich phases, including both Te
inclusions and Te precipitates.

(2) The thermo-migration process was very weak in slices annealed at low temperature and
low Zn partial pressure. Under this annealing condition, the elimination of the Te-rich
phases greatly depends on the diffusion of the atomic defects.
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Figure 9. The distribution of the dislocation etch pits in slice No 7 annealed at low temperature
and low Zn partial pressure for 100 h.

(3) In order to eliminate Te-rich phases and to improve IR permeability, the most efficient
process should be annealing the slices in saturated PZn and then removing a layer from
the surface of the slices with a thickness of about 50 µm.
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