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Abstract: Te precipitates in CdZnTe (CZT) crystals grown by the traveling heater method (THM) are
investigated using high-resolution transmission electron microscopy (HRTEM). The results show that
in THM-grown CZT crystals, Te precipitates are less than 10 nm in size—much smaller than those
in Bridgman-grown CZT. They have hexagonal structure and form a coherent interface with zinc
blend structure CZT matrix in the orientation relationship

[
112

]
M//[0001]P and

(
111

)
M//

(
1100

)
P.

A ledge growth interface with the preferred orientation along the
[
111

]
M and [110]M was found near

Te precipitates. The growth and nucleation mechanism of Te precipitates are also discussed.

Keywords: transmission electron microscopy (TEM); traveling heater method; precipitation; interface
structure; defects in semiconductors; CdZnTe

1. Introduction

Te precipitates are stubborn defects in CdZnTe (CZT) crystals which degrade the optical
transmission and carrier transport properties, and restrict the application of CZT crystal for variant
devices [1–3]. Te precipitates are formed by collecting super-saturated point defects such as Te
anti-sites, Te interstitials, or cation vacancies, due to the retrograde solubility of Te atoms in the
phase diagram. They are normally tens of nanometers in size, which is much smaller than the
micrometer-scale Te inclusions formed by trapping Te-rich droplets at the growth interface during
the growth process. Te inclusions have already been widely studied in the aspects of morphology
evolution, formation mechanism, the effects on CZT-base device performance, etc. [1,4–7]. However,
nano-scale Te precipitate seems to be more complicated and is not well understood.

The formation of Te precipitates is also thought to be related to the crystal growth method. For the
popular Bridgman growth, the growth temperature is high (at the melting point of the crystal), which
will produce a high density of point defects and promote the formation of Te precipitates. Rai et al. [8]
characterized the density and size of Te precipitates in CZT crystals grown by Bridgman method.
Te precipitates were identified to possess an average size of 20 nm and a density of 1.3 × 1016 cm−3

in the as-grown CZT crystal. Wang et al. [9] further studied the crystal structure of Te precipitates in
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CZT crystals, and three structure types (i.e., hexagonal, monoclinic, and high-pressure rhombohedral
structures) were characterized.

The traveling heater method (THM) is believed to be one of most promising methods for growing
high-quality CZT crystals [10] due to the lower growth temperature. Referring to the Cd-Te phase
diagram and projections of Cd0.9Zn0.1Te solidus along the composition axis [11,12], THM growth in Te
solution will decrease the growth temperature, which is favorable for lowering the solid solubility of
Te atoms in as-grown CZT crystals and decreasing the possibility of Te precipitate formation.

In this work, we focus on the experimental observations of nano-scale Te precipitates in CZT
crystals grown by THM using high-resolution transmission electron microscopy (HRTEM) to reveal
the behaviors and underlying mechanisms of Te precipitates associated with crystal growth conditions
in THM process.

2. Materials and Methods

Cd0.9Zn0.1Te crystals were grown by THM (self-designed, Xi’an, China) with the accelerated
crucible rotation technique (ACRT, self-designed, Xi’an, China), as described in our previous work [13].
After the growth, the ingots were cooled to room temperature at two different cooling rates
(5 ◦C/h and 60 ◦C/h). For HRTEM analyses, several single crystal specimens with the dimensions
2.5 × 2.5 × 2 mm3 were cut from the ingots by a diamond wire cutting machine. These specimens
were mechanically ground to a thickness of 20–30 µm, and then thinned by Ar+ ion in a plasma
etching equipment (PIPC-691, Gatan, Shanghai, China) until an electron transparent thin area was
acquired. A Tecnai F30 G2 transmission electron microscope (FEI, Hillsboro, OR, United States) with
a spatial resolution of 0.2 nm and electron energy of 300 keV was employed to analyze the nanoscale
Te precipitates and their orientation relationship with CZT matrix. For the orientation relationship
analysis, electron beam diffraction method was used to confirm the results.

3. Results and Discussion

Figure 1a shows the bright-field TEM micrograph of a CZT sample. Even though Te precipitates
are not visible, the selected area electron diffraction (SAED) pattern in Figure 1b shows two sets
of diffraction spots. The strong diffraction spots (marked by the red rhomboid) correspond to CZT
matrix phase with the zinc-blende structure (PDF number: 50–1440, space group F-43m, lattice constant
0.6456 nm) along the

[
112

]
M zone axis. The weak spots (marked by the yellow rhomboid) are identified

as Te precipitate phases with the hexagonal structure along the [0001]P zone axis (PDF number:
36–1452, space group: P3121, lattice constants: a = 0.4458 nm and c = 0.5927 nm). Here, the subscripts
M and P represent CZT matrix and Te precipitates, respectively. The orientation relationship
between Te precipitates and CZT matrix is derived to be

[
112

]
M//[0001]P and

(
111

)
M//

(
1100

)
P.

Under hydrostatic pressure, element Te may undergo pressure-induced phase transitions from
trigonal to monoclinic at about 40 kbar and from monoclinic to rhombohedral phase at about 70 kbar,
respectively [14–16]. Final structures of Te precipitates are therefore decided by the internal droplet
pressures. We saw only hexagonal structure in THM-grown CZT crystals, which implies that Te
precipitates can be formed at a pressure less than 40 kbar or due to the confinement of CZT matrix.

Figure 1c shows the dark-field TEM micrograph corresponding to the weak diffraction spot(
0110

)
P. It shows that Te precipitates distribute homogeneously in CZT crystals. Different from

10–30 nm Te precipitates in Bridgman-grown CZT crystals [1,8,9], in our THM-grown CZT crystals,
Te sizes were smaller than 10 nm and the density was about 9.2 × 1015 cm−3. The results demonstrate
that THM with lower growth temperature can markedly reduce the size of Te precipitates in CZT
crystals, which is favorable for improving the photoelectric properties and the structural perfection of
CZT crystals.
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Figure 1. Micrographs and selected area electron diffraction (SAED) pattern of CdZnTe (CZT) crystals 
grown by the traveling heater method (THM) with slow cooling rate along the M[112]  zone axis.  

(a) Bright-field transmission electron microscopy (TEM) micrograph along the M[112]  zone axis.  

(b) Dark-field TEM micrograph along the M[112]  zone axis. (c) SAED pattern along the M[112]  

zone axis. 

Figure 1c shows the dark-field TEM micrograph corresponding to the weak diffraction spot P(0110) . 
It shows that Te precipitates distribute homogeneously in CZT crystals. Different from 10–30 nm Te 
precipitates in Bridgman-grown CZT crystals [1,8,9], in our THM-grown CZT crystals, Te sizes were 
smaller than 10 nm and the density was about 9.2 × 1015 cm−3. The results demonstrate that THM with 
lower growth temperature can markedly reduce the size of Te precipitates in CZT crystals, which is 
favorable for improving the photoelectric properties and the structural perfection of CZT crystals. 

The HRTEM images of CZT sample along the M[112]  zone axis are shown in Figure 2. The 
interfaces between Te precipitates and CZT matrix were approximately outlined according to the 
inverse fast Fourier transform (IFFT) image. Hexagonal Te precipitates smaller than 10 nm in size were 
observed, shown in Figure 2a. A fast Fourier transform (FFT) pattern of region I in Figure 2a is shown 
in the inset of Figure 2a,b, respectively. The IFFT image was reconstructed by using the P(1100)  spatial 
frequencies as marked by red circles in the FFT image, shown in Figure 2b. No lattice mismatch was 
found at the interface between Te precipitates and CZT matrix. This indicates a perfect coherent 
relationship, which may be the reason for hardly observing Te precipitates in the bright-field TEM 
micrograph (Figure 1a). 
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Figure 1. Micrographs and selected area electron diffraction (SAED) pattern of CdZnTe (CZT) crystals
grown by the traveling heater method (THM) with slow cooling rate along the
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(a) Bright-field transmission electron microscopy (TEM) micrograph along the
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M zone axis.

(b) Dark-field TEM micrograph along the
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M zone axis. (c) SAED pattern along the
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zone axis.

The HRTEM images of CZT sample along the
[
112

]
M zone axis are shown in Figure 2.

The interfaces between Te precipitates and CZT matrix were approximately outlined according to the
inverse fast Fourier transform (IFFT) image. Hexagonal Te precipitates smaller than 10 nm in size
were observed, shown in Figure 2a. A fast Fourier transform (FFT) pattern of region I in Figure 2a is
shown in the inset of Figure 2a,b, respectively. The IFFT image was reconstructed by using the

(
1100

)
P

spatial frequencies as marked by red circles in the FFT image, shown in Figure 2b. No lattice mismatch
was found at the interface between Te precipitates and CZT matrix. This indicates a perfect coherent
relationship, which may be the reason for hardly observing Te precipitates in the bright-field TEM
micrograph (Figure 1a).
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Figure 3a shows an HRTEM image of the specimen near the ingot tail with fast cooling rate
(60 ◦C/h) after growth, where Te precipitates in the irregular and faceted morphology were seen.
A ledge growth interface was found on the edge of Te precipitates, which are parallel to the

[
111

]
M
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direction and perpendicular to the [220]M direction of the CZT matrix. Therefore, the optimal
growth direction of Te precipitates is along

[
111

]
M and [110]M in the CZT matrix, attributed to

the low interfacial energies on {111}M and {110}M planes between CZT matrix and Te precipitate
phases [17,18]. The faceted morphology of Te precipitates can be caused by a ledge growth mechanism.
It is possible that the as-grown interface between Te precipitates and CZT matrix can be retained by the
fast cooling rate (60 ◦C/h) after the growth. The irregular and faceted interface morphology (Figure 3a)
indicates that the as-grown interface was obtained. Different from the coherent interface (Figure 2b)
under the slowly cooling condition (5 ◦C/h), the dislocations labeled D and the stacking fault labeled
S are seen near the as-grown interface between Te precipitates and CZT matrix along [110]M growth
direction (Figure 3b). This indicates that it is possible that the dislocations can be main channels for
the diffusion and transport of Te atoms in CZT matrix, which play a crucial role in the growth process
of Te precipitates in CZT matrix during cooling down.
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The formation process of Te precipitates is further illustrated in Figure 4. Te precipitates originated
from the native point defect condensation [19]. Principal defects are Te interstitials, Cd vacancies,
and Te anti-sites in CZT crystals when grown by THM from Te solution. TeCd anti-sites with the high
migration energy barrier (1.68 eV) are almost immovable, while Tei interstitials with a very low barrier
(0.16 eV) are extremely movable along the [110]M direction [20], which is consistent with the optimal
growth direction of Te precipitates shown in Figure 3a. The migration energy barrier of VCd vacancy
is 1.09 eV, between those of TeCd antisites and Tei interstitials [20]. Therefore, Te interstitials can be
the dominant diffusing species in the nucleation and growth processes of Te precipitates. After the
growth, the oversaturated Te interstitial atoms aggregated to form Te precipitation nuclei due to the
retrograde solidus of Te atoms in CZT matrix during the cooling of CZT crystals, as shown in Figure 4a.
These nuclei caused the lattice distortions, resulting in the formation of dislocations around the nuclei.
The dislocations can provide a fast channel for the diffusion and transport of Te interstitial atoms,
which promote the growth of the nuclei until the whole excess Te-related point defects (priority to
Te interstitials) have precipitated, as shown in Figure 4b. The real shapes of Te precipitates always
mean to minimize the elastic strain energy and the total interfacial energy in order to lower the total
Gibbs energy. Coherent Te precipitates have been observed in CZT matrix (Figure 2), indicating that
the lattice strain energy may be very low. For nano-size Te precipitates, the interfacial energy may
contribute more to the shapes of the precipitates for lowering the total system energy [21]. According
to theoretical results [17], {111} faces have the lowest interfacial energy in zinc-blende crystal structure.
Therefore, the equilibrium morphology of Te precipitates can be bounded by {111}M faces and forms
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a regular polygon. Therefore, the corresponding Te precipitates have also been observed, as shown
in Figure 4c.
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4. Conclusions

Nanoscale Te precipitates in CZT crystals grown by THM were observed using HRTEM.
The majority of Te precipitates were found to be smaller than 10 nm in size with a density of
9.2 × 1015 cm−3—much smaller than those in Bridgman-grown CZT crystals. This demonstrates
that THM with lower growth temperature is an effective way to reduce tendency to Te precipitation in
CZT crystals. Moreover, Te precipitates with a hexagonal structure have a coherent interface with the
CZT matrix. The orientation relationship between CZT with zinc blend structure and Te precipitates
with hexagonal structure is
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