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Abstract: 

   The Traveling Heater Method (THM) is a widely accepted technique to grow high-quality 

detector grade CdTe and CdZnTe ingots, especially for X-ray and gamma-ray detector 

applications. Unlike melt-growth techniques, the growth interface for ingots produced by the THM 

technique consists of two different compounds, viz. the solidified region (just below the interface) 

consists of the compound to be grown (e.g., CdZnTe for CdZnTe growth), while the molten zone 

just above the growth interface consists of Te-rich CdZnTe. Thus, optimization of the growth 

parameters is critical to obtain a clean growth interface with the required shape and presence of 

minimal Te-rich inclusions. In this study CdTeSe ingots were grown employing the THM 

technique to investigate the growth interface. Both macroscopic and microscopic behavior of the 

interface were studied. The study revealed that a microscopically smooth growth interface can be 

achieved by optimizing the growth parameters, which is essential for obtaining high-quality, 

inclusion-free ingots. 
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1. Introduction 

   CdTe based II-VI compounds, especially CdZnTe (CZT) with 10 atomic % of Zn, have been 
the prime candidates for room temperature detector applications for the X- and gamma-ray 
region for more than three decades [1-6]. On the other hand, another potential candidate 
(CdTeSe) from the same family was mostly ignored over this time period. Fiederle et al. [7] 
reported an enhancement of the charge collection efficiency and better homogeneity of the 
electrical properties compared to CdTe and Cd0.9Zn0.1Te by a partial replacement of tellurium 
with selenium (CdTeSe). The concentrations of deep levels were also reported to be reduced in 
CdTeSe (CTS) [7], with the mobility-lifetime product [(µτ)e] of 4.2×10-4 cm2/V for electrons. 
Later, a much higher (µτ)e value of 6.55×10-2 cm2/V was reported for CTS with high 
compositional homogeneity [8]. Afterward, THM-grown CTS was reported to have a (µτ)e value 
of 4×10-3 cm2 /V with the resistivity of 5 × 108 Ω-cm, and the material was found to be free from 
any sub-grain boundary network (dislocation walls) and with reduced concentrations of Te 
inclusions and very high compositional homogeneity [9-11]. The material was also reported to 
have reduced deep-level trap densities as compared to CZT [12,13]. Although many observed 
material properties of CTS were found to be superior to CZT, detectors for high energy gammas 
could not be achieved due to the material’s relatively low electrical resistivity (<1010 ohm-cm) 
and associated thermal noise. For high energy gamma radiation, the required resistivity of the 
material should be at least 1-3×1010 ohm-cm. The band gap of CdTeSe is known to decrease 
below the band gap of CdTe with increasing selenium due to lattice disorder [14]. Thus, it is 
necessary to increase the band gap of the material to achieve a resistivity of >1010 ohm-cm. To 
increase the band gap, cadmium was partially replaced by 10 atomic % Zn in the CdTeSe 
compound. The resulting compound CdxZn1−xTeySe1−y (CZTS) fulfills the band-gap requirement, 
plus high resistivity in the range of 1-3×1010 ohm-cm was attained. The material properties of the 
new quaternary compound are superior to the presently available CZT material. Presently, the 
CZT material contains high concentrations of Te inclusions and sub-grain boundary networks. In 
addition, the grown ingots suffer from compositional inhomogeneity due to the high segregation 
coefficient of Zn (~1.35) [15-18]. All these defects are known to be performance-limiting defects 
and severely degrade the detector response. The new selenium-containing quaternary material 
CdxZn1−xTeySe1−y is free from sub-grain boundary network, has reduced Te inclusions, and 
possesses high compositional homogeneity [19-24]. An electrical resistivity in the range of 1-
3×1010 ohm-cm could be achieved with (µτ)e value of 4-5×10-3 cm2 /V [22,25,26]. The partial 
replacement of tellurium by selenium also results in a reduction of the density of performance 
limiting deep traps as compared to CZT [27,28]. Thus, the material quality of CZTS supersedes 
CZT and is promising for producing a high yield of detector-grade material. The detectors based 
on CZTS have already demonstrated an ability to outperform CZT-based devices for some 
medical imaging and homeland security applications [28,29].  
   It has been demonstrated by several authors that partial replacement of tellurium by selenium 
offer several advantages compared to CdTe/CZT. The CdTe/CZT detector-grade materials are 
generally grown by the traveling heater method due to several advantages over melt growth 
techniques. Hence, the growth interface behavior of selenium containing CdTe-based materials 
by THM technique demands a systematic study, which has not been reported to date. In this 
report, we report the first results on the macro- and microscopic behavior at the growth interface 
of CdTeSe for ingots grown by the THM technique.  
 
 



2. Experimental 

   CdTeSe ingots were grown by the THM technique using tellurium as the solvent. The ingots 
were grown unseeded in conically tipped quartz ampoules with an internal diameter of 22 mm 
and outer diameter of 25.8 mm. The nominal concentrations of selenium were maintained at 
10%, and the material was synthesized using 99.9999% pure CdTe procured from 5N Plus, Inc. 
and 99.9999% pure CdSe from Azelis Electronics. To avoid the reaction of cadmium with the 
inner wall of the quartz ampoule, the inner wall of the ampoule was coated with carbon. The 
ampoules were first cleaned with acetone; next methanol rinsing followed a cleaning by dilute 
HF. The ampoule was then thoroughly rinsed with freshly prepared deionized water. Carbon 
coating of the inner wall of the ampoules was performed by pyrolyzing high-purity acetone at 
950 °C, followed by baking the coated ampoule at about 1100 °C for an hour. After cooling to 
room temperature, the coated ampoule was thoroughly cleaned with acetone and dried. The 
ampoule was then loaded with stoichiometric amounts of CdTe and CdSe to synthesis the ternary 
compound CdTe0.9Se0.1. The ampoule was sealed under a dynamic vacuum of 2×10-6 torr. The 
synthesis was carried out in a three-zone vertical furnace. After placing the ampoule inside the 
vertical furnace, the temperature of the furnace slowly increased so that the temperature near the 
tip reaches about 1110 °C and about 1130 °C near the upper part of the ampoule. The 
temperature was maintained for 72 hours for complete synthesis, and then the temperature of the 
furnace lowered down to room temperature at a rate of ~ 200 °C/day. The synthesized material 
and tellurium were then loaded into a freshly prepared carbon-coated quartz ampoule. The 
tellurium used in the growth experiments was from Alfa Aesar with a purity of 99.9999%. The 
loaded ampoule was sealed under a dynamic vacuum of 2x10-6 torr. The loaded ampoule was 
then placed vertically inside the three-zone furnace. The temperature of the three zones were 
then slowly increased and set accordingly, so that the temperature near the growth interface was 
~850 °C. The growth was carried out at a rate of 3-5 mm/day under a temperature gradient of 10-
15 °C/cm. The translation of the ampoule was actuated by a multi-geared DC motor. After the 
completion of growth, the furnace was slowly cooled to room temperature at a rate of 100 
°C/day. 
   To study the morphology of the growth interface, wafers were cut along the ingot length near 
the growth interface. Wafers were also cut perpendicular to the growth direction near/below the 
growth interface for transmission infrared (IR) imaging measurements. All the samples, 
including the wafer containing the growth interfaces, were lapped with different grit sizes of SiC, 
followed by polishing successively with different sizes of alumina suspension having diameters 
of 5 µm, 3 µm, 1 µm, 0.5 µm and 0.05 µm using a felt pad. The mirror-finish polished samples 
were then used for microscopic analyses both in reflection and IR transmission mode using a 
Nikon, Eclipse LV 100 Microscope. 

3. Results and discussion 

   The as-grown ingots could be easily removed from the quartz ampoules due to the protective 
carbon coating at the inner wall of the ampoule. Figure 1 shows a typical CdTe0.9Se0.1 ingot with 
diameter of 22 mm and ~11-cm long, grown by the THM technique. The shiny region on the 
extreme right of the ingot is the Te-rich CTS zone, and the arrow indicates the CTS/Te-rich 
growth interface. The optical photograph of the semi-polished wafer, cut along the growth 
direction of the ingot near the interface, is shown in Figure 2 (a). The dark portion represents 
grown CdTeSe, while the relatively shiny part is the Te-rich CdTeSe region, and the interface 
between these two regions is the growth interface. The overall shape of the interface is convex 
towards the Te-rich solvent, which is preferable for large grain/single crystalline growth. In 
addition, defects formed at the growth interface generally travel perpendicular to the growth 



interface, and for convex growth interfaces the defects tend to move towards the periphery of the 
grown ingot. A concave  

 

Figure 1. THM-grown 22 mm diameter CdTe0.9Se0.1 ingot. 

 

growth interface causes the growth of polycrystalline ingots. Here, the defects travel towards the 
center of the grown ingot. Thus, the overall macroscopic shape of the growth interface is critical 
to obtain high-quality ingots. The microscopic irregularities of the growth interface are 
responsible for the formation of Te inclusions due to trapping of Te-rich CdTeSe in the grown 
ingot near the growth interface. Thus, optimization of the growth parameters for THM growth is 
essential to achieve a smooth convex growth interface. Various parameters such as growth 
temperature, growth rate, temperature gradient near the growth interface and across the molten 
zone, and height of the molten zone translate to the preferred amount of tellurium used for the 
molten zone. All these parameters are however interrelated. Optimization of the height of the Te-
rich CdSeTe molten zone is the most vital parameter. However, the ideal height does not depend 
only on the amount of tellurium added to the molten zone. The height of the molten zone for a 
fixed amount of added tellurium also depends on the growth temperature, temperature gradient, 
and growth rate. For example, the height of the Te-rich CdSeTe molten zone increases with 
growth temperature since at higher temperature the Te-rich zone dissolves more amount of feed 
material thereby increases the zone height. Disruption of the stability of the growth interface 
mainly arises due to the convection current in the molten zone induced by the temperature 
gradient and solute concentration gradient. Again, the zone height strongly influences the 
convection current in the molten zone [30]. The fluid flow becomes stronger for larger zone 
heights and forms multiple vortex structures, which eventually cause constitutional supercooling 
near the growth interface, leading to morphological instability at the interface. For a given height 
of the zone, the constitutional supercooling effect becomes more prominent at higher growth 
rates [30]. Funaki et al. [31] demonstrated the effect of zone height on the shape of the growth 
interface for 50-mm diameter CdTe ingots grown by the THM technique. A convex-shaped 
growth interface was obtained with the optimum zone height, while larger or shorter zone 
heights produced overall convex shape with some inflection points, which were responsible for 
the formation of grain boundaries [31]. There are several techniques reported to achieve smooth 
convex growth interfaces, among them THM growth under a static magnetic field was found to 
be successful in suppressing the convective flow, resulting in a more uniform concentration and 
temperature distribution, producing a smooth and stable growth interface [32,33]. The 
accelerated crucible rotation technique (ACRT) was also reported to be very successful in 
producing CdZnTe crystals by the THM technique. This technique produced stable convex 
growth interfaces with microscopically smooth morphology and increased growth rate. Both 
experimental and theoretical observations agree well for growth conditions to produce better 
crystals with the desired smooth convex growth interface [34-37]. The ACRT provides better 
mixing of the liquid zone by imposing forced convection and interrupting buoyancy driven 
convective flow. Zhou et al. [37] demonstrated a concave to convex to flat growth interface for 



53-mm diameter CZT growth without ACRT and with optimized ACRT parameters. The flat 
growth interface yielded a single crystalline ingot with a small grain near the periphery of the 
wafer [37]. In the recent past, applying a very low constant rotation of 2.5 RPM (rotations per 
minute) and 1.25 RPM for 2- and 3-inch diameter CZT ingots by the THM technique was 
reported to achieve smooth convex growth interfaces, although it was concave for the zero-
rotation condition [38]. The very low applied constant rotation was assumed to be sufficient to 
weaken the natural convection flow resulting in a convex growth interface [38]. Thus, in general 
reduced natural convection flow is more favorable to attain a convex growth interface. In the 
present study, we conducted THM growth at a low temperature gradient of 10-15 °C/cm. Figure 
2 (b) shows the scanning microscopic image of the same slice taken in the reflection mode. Upon 
optimization of the growth parameters, especially the content of Te and growth temperature, a 
smooth convex growth interface was achieved as is evident from Figure 2 (b). As mentioned 
earlier, the top shiny part of the cross-sectional wafer is the Te-rich CTS zone, and the bottom 
part is the grown CdTeSe. The growth interface is slightly convex with smooth morphology. The 
absence of microscopic irregularities at the growth interface suggests a stable growth condition, 
hence no trapping of Te-rich CTS was observed near the interface. A few cracks are evident as 
indicated by the arrows in Fig. 2 (b). The occurrence of such cracks near the interface are due to 
the difference of the thermal expansion coefficient of Te-rich CTS and the grown CTS region. 
The occurrence of such cracks is common for CdTe or CdZnTe for the same reason. It is to be 
noted that due to severe cracks near the growth interface, especially for THM grown ingots, 
investigating the interface under the IR transmission mode is difficult. However, although 
several cracks are present in our sample, we were able to explore the interface under IR 
transmission mode, perhaps for the first time for THM-grown CdTe/CZT ingots. Figure 2 (c) 
shows a scanning microscopic image of the same slice taken in IR transmission mode. As in the 
reflection mode, IR transmission also suggests a very smooth convex growth interface, without 
any microscopic irregularity indicating a stable growth interface. However, as indicated by the 
arrows (Fig. 2 (c)), in the grown CdTeSe region, the presence of Te inclusions is visible, some of 
which are long bar-shaped inclusions. These large Te inclusions might have formed due to the 
trapping of Te-rich CTS solution because of localized instability at the growth interface. Figures 
3 (a) and 3 (b) illustrate high magnification images of the growth interface in the reflection and 
transmission mode, respectively. The interface was microscopically smooth all through the 
interface from one edge to the other, especially in reflection mode, while in transmission mode, a 
major portion is affected by the cracks. However, between the cracks, the interface was found to 
be very smooth as observed under the high magnification microscopic analyses. Similar behavior 
was also observed for a two-inch diameter CZT ingot grown by the THM technique [39]. A 
microscopically smooth growth interface could be achieved for THM-grown CZT using a low 
temperature gradient of 10 to 15 °C/cm. Thus, the growth under a low temperature gradient is 
also found to be effective in achieving a convex growth interface for this selenium-containing 
compound.  



 

Figure 2. Cross-section of the growth interface. (a) Optical photograph of a slice cut parallel to the growth direction 
showing the growth interface, (b) scanning microscopic image of the same slice taken in reflection mode showing a 
smooth convex growth interface, and (c) scanning microscopic image of the same slice taken in the IR transmission 
mode. 

 

 Figure 3. Morphology of the growth interface at high magnification in (a) reflection and (b) IR transmission mode.  

   Figure 4 shows an IR transmission microscopic image of two long bar-shaped Te inclusions 
with a length of ~800 and 400 µm formed possibly due to a localized temperature fluctuation that 



perturbed the growth interface and caused trapping of Te-rich CdTeSe. The wafer cut 
perpendicular to the ingot axis from the position below the growth interface is shown in Figure 5 
(a). Although the growth interface shape obtained was convex, which is favorable for producing 
single crystalline ingots, our wafer contained 2-3 large grains and a few twins. Figure 5 (b) 
shows the IR transmission scanning microscopic image of the whole wafer of thickness ~ 2 mm. 
As mentioned, cracks are readily generated near the interface due to the different thermal  

 

Figure 4. IR transmission microscopic image of two long bar-shaped Te inclusions shown in (a) and (b). 

expansion coefficient of Te-rich CTS and the grown CTS. Here, the wafer contained a small 
crack. During lapping process, the crack propagated laterally and along the thickness of the 
wafer. The crack is visible in the IR transmission image. The grain boundaries are decorated with 
Te inclusions as indicated in the figure, which is common for the CdTe family of crystals. Large 
Te inclusions are visible inside the wafer, which were possibly generated due to a localized 
growth instability at the interface. The appearance of such bar-shaped Te inclusions however was 
not observed in all the ingots. Figure 6 shows the IR transmission scanning microscopic image of 
the whole wafer taken from another ingot grown using the same growth parameters. Some Te 
inclusions were also found to be present at the twin and grain boundaries as indicated in Fig. 
5(b), and the magnified microscopic image is shown in Fig. 5c. Other than the large, localized Te 
inclusions, the wafer is reasonably clean from commonly occurred Te inclusions, typical 
concentrations, and size distribution of Te-inclusions in as-grown CTS is shown in Fig. 5(d). Fig. 
7 (a) shows the microscopic image of the surface in reflection mode, while Figs. 7 (b) and (c) are 
the IR transmission image from the same spot at different magnifications. 



                                 

Figure 5. (a) Optical photograph of the semi-polished one-inch diameter wafer cut perpendicular to the ingot axis 

below the interface, (b) IR transmission scanning microscopic image of the whole wafer. (The thickness of the wafer 

was ~2 mm), (c) IR transmission microscopic image of Te-inclusions at twin boundary, and (d) size distribution and 

concentrations of Te inclusions in as-grown CdTeSe. 

 

 

Figure 6. IR transmission scanning microscopic image of the whole wafer of one-inch diameter cut perpendicular 
from another ingot grown with the same growth parameters. 

 



 

Figure 7. (a) Microscopic image of polished surface in (a) reflection and (b) IR transmission mode, and (c) IR 

transmission image of the same position at higher magnification.  

4. Summary 

   In this paper we report results on the macro- and microscopic morphology of the growth 
interface of the selenium-containing material, CdTeSe, for a 10% nominal concentration of 
selenium. The present investigation showed that after optimization of the growth parameters for 
THM technique, a microscopically smooth convex growth interface can be achieved for growth 
under a low-temperature thermal gradient. Thus, growth under a low-temperature gradient can be 
an alternate path to achieve a smooth convex growth interface as required for low-cost CdTeSe 
production, as opposed to using an external magnetic field or the more complex ACRT growth 
technique.  
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