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ABSTRACT

The growth and properties of semi-insulating CdZnTe for nuclear radiation detector applications are reviewed. The
current state of the high-pressure Bridgman growth and the potentials of the conventional vertical and horizontal
Bridgman techniques to grow radiation detector meterial are discussed. The characteristic macroscopic and
microscopic defects of high-pressure Bridgman grown CdZnTe ingots, such as cracks, pipes, inclusions, precipitates,
grain boundaries and their effect on the electrical and charge trapping properties of the material are reviewed.
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1. INTRODUCTION

Semi-insulating (SI) Cdy.Zn,Te with Zn concentration in the 8 - 15 % range has emerged as a material of
choice in alarge variety of room-temperature semiconductor X- and y-ray radiation detector applications in the last
few years. The popularity of this material stems from its high Z, wide band gap and long-term stability that allow the
fabrication of high efficiency, high-resolution nuclear radiation detectors with negligible polarization and long term
drift at room temperature. The early success of small volume single-element planar detectors and simple multi-
electrode CdZnTe devices has stimulated more advanced applications in nuclear diagnostics, digital radiography,
high-resolution astrophysical X- and y-ray imaging, industrial web gauging and nuclear nonproliferation.*? Beside
the rapidly increasing need for large quantities of SI CdZnTe the new applications demand larger size crystals and
significant improvements in the charge-transport properties and homogeneity of the detector crystals.

The bulk of the SI CdZnTe used in nuclear radiation detectors and imaging devices is grown by the high-
pressure Bridgman (HPB) technique.®** These crystals offer a commendable combination of electrical and physical
properties, notably high electrical resistivity and good carrier transport, long term stability and insignificant
polarization at room temperature (Table 1). The CdZnTe ingots grown by the HPB technique, however, suffer from
macroscopic cracking, formation of pipe defects, limited single-crystal grain size, formation of Te inclusions, Zn
concentration variations, inhomogeneity of the electrical properties and relatively poor mechanical properties.®

Tablel. Typical properties of HPB-grown Sl CdZnTe crystals.

Property Nominal Actual

Zn composition (%) 10 5-13
Band gap at room temperature (eV) 1.56 1.53-1.58
Intrinsic resistivity (x10" Qcm) 3.0 1.7-4.0
Intrinsic carrier concentration (x10° cm™®) 20 1.0-40
UTe (%10 cm?/V) 25 05-5.0
uT, (x10° cm?/V) 2.0 0.2-5.0

At present, the yield of HPB CdZnTe dies suitable for the fabrication of large-area (> 10x10 mm?) X- and y-ray
imaging devicesis very low. Fabrication of individual detector elements and detector arrays is expensive, hampering
commercialization. In order to compete with other X- and y-ray imaging technologies the manufacturing costs of
CdznTe arrays has to be dramatically reduced by developing full-wafer processing technology for this material. This
will require significant improvements in the homogeneity of SI CdZnTe ingots over the next few years and the
elimination of such key yield limiting defects as macroscopic cracks and pipes. Once cracks and pipes are
eliminated, electrical and optical wafer-mapping techniques can be used on radially sliced wafers to mine out
homogeneous sections suitable for array fabrication. Ultimately, large area single crystals with low compositional
variation and homogeneous electrical properties will be needed for full commercialization of CdZnTe-based X- and
y-ray imaging array technologies.
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This poses aformidable challenge for the growth of large-size detector-grade S| CdZnTe crystals. Interestingly,
considerable progress has been made in the growth of Cdy,Zn,Te (x = 0.04) crystals used as substrates in HgCdTe
infra-red (IR) focal plane array (FPA) detectors in the last few years. Single crystal CdZnTe wafers of 40x60 mm?
surface area and 2-4 mm thickness are now routinely grown by both the vertical and horizontal conventional
Bridgman techniques. Considering the similarities between the two imaging techniques, these crystals would be
ideally suited for X- and y-ray imaging array applications. Since, however, these crystal are mostly used in LPE and
MBE grown IR detectors, their properties are optimized for high IR transmission, low dislocation and low twin
density. The low resistivity and poor carrier transport properties of these crystals make them unsuitable for radiation
detector applications.

Recent, experiments to obtain SI CdZnTe crystals with good carrier transport properties by post-growth
annealing of conventional Bridgman-grown CdZnTe crystals has produced some promising results® The
performance of the so-obtained devices, however, suggests that these detectors suffer from poor depletion possibly
due to the inhomogeneity introduced by the annealing to the crystals. Further intense research will be necessary to
develop viable annealing or other post-growth processing techniques capable of producing SI CdZnTe single crystals
with uniform resistivity and charge-transport properties.

In this paper we will review the status and recent progress in the growth and properties of SI CdZnTe crystals.

2. COMPARISON OF GROWTH TECHNIQUES

The melt growth of compound semiconductors crystals is a two step process of compounding and crystal
growth. Firgt, the elemental constituents have to be compounded at approximately 700°C. In the case of CdZnTe, the
low melting point constituents, Cd, Zn and Te, are melted and then reacted to form the ternary compound. This
reaction is exothermic and highly violent. Extreme care has to be taken to achieve a thorough mixing of the melt in
order to avoid superheating of the elemental constituents and the rupture of the ampoule. For safety reasons, the
compounding is often performed in a separate quartz ampoule. The separate compounding of the CdZnTe, however,
involves more exposure of the material to contamination and usually results in a lower purity material unless careful
cleanroom and evacuation techniques are used.

A more controlled compounding reaction can be achieved by physical vapor transfer techniques where the
congtituents, notably Cd + Zn and Te are melted in separate crucibles and the Cd + Zn is gradually dissolved in the
Te through physical vapor transfer. This technique allows for in-situ compounding of the constituents and can
produce higher purity CdZnTe.”

In the HPB technique, the high inert gas pressure virtually eliminates the possibility of ampoule rupture and the
in-situ compounding of the congtituentsis a key element in achieving high-purity CdZnTe material.

Once the CdZnTe is compounded, the material is melted and homogenized. The temperature of homogenization
is believed to influence the subsequent growth kinetics and single crystal yield. Superheating of the melt is needed to
break the associated molecular complexes and achieve a uniform structureless melt.? Larger numbers of grain
boundaries and twins are observed if growth is initiated from only moderately superheated melt. This is interpreted
as an incompl ete dissociation of complexes in the melt. It was also found, however, that superheating well above the
melting point (> 10°C) causes large supercooling (10 — 30°C) of the melt and an early polycrystalline growth at the
tip of theingots.®

High-pressure Bridgman growth

Fig. 1a shows the schematic diagram of an HPB furnace. It is a variant of the conventional vertical Bridgman
furnace housed inside a high-pressure chamber. The technique allows for a wide choice of crucible materials,
including moderately porous materials such as graphite. Graphite crucibles with a tight lid are often the choice for
growing Sl CdZnTe with the HPB technique, since the porous graphite can be well purified. The porosity alows the
evacuation and high-temperature bake-out of the crucible and CdzZnTe charge, and the reduction of gaseous
impurities, notably oxygen and nitrogen, in the growth chamber. SI CdZnTe ingots with a total impurity
concentration less than 10™® cm® can be now grown with this technique. Since the CdZnTe melt consists of volatile
components, there is a steady loss of the constituents from the vapor phase above the melt through the porous walls
of the crucible during the growth (Fig. 1b). The loss of the constituents is suppressed by the application of an
external, inert gas pressure, typically < 150 Atm of argon. Since Cd has the highest vapor pressure among the
CdznTe melt congtituents, the vapor phase predominantly consists of Cd atoms. Although the external Ar pressure
greatly reduces evaporation, it does not completely eliminate Cd loss from the crucible. As the growth proceeds the



melt is gradually enriched in Te. Due to this effect, the composition of the initial charge is typically chosen at the Te
rich side of the existence region of the Cd(Zn) Te phase diagram.’

Conventional Bridgman growth

A typical vertical Bridgman furnace is shown in Fig. 2. The material is enclosed in a quartz ampoule that is
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Fig. 1. Typical high-pressure Bridgman furnace (a), and principle of HPB growth (b).

moved relative to the multi-zone furnace. This configuration allows for the design and testing of the heating elements
to achieve the desired temperature profile. The main components of the furnace are the hot zone where the material
is melted, the gradient zone where solidification takes place, and the cold zone with the solidified section of the

material.
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Fig. 2. Typical three-zone vertical Bridgman furnace
with Cd overpressure.

Since the growth in this case is typically performed in a
quartz ampoule, evacuated and sealed at room temperature,
an equilibrium is established between the melt and the vapor
phase and there is no Cd loss from the melt during the
growth. A fine control of the CdZnTe stoichiometry can be
achieved by using a controlled Cd overpressure during the
growth. This can be attained by an additional zone in the
furnace and the extension of the quartz ampoule, where a Cd
source is melted to provide the desired Cd vapor pressure in
the ampoule as shown in Fig. 2. By appropriate variation of
the Cd vapor pressure in various stages of the growth, it is
possible to maintain near stoichiometry throughout the ingot.
CdznTe ingots with low Te precipitates and inclusions can be
grown with this technique. Since Te precipitates tend to
decrease the IR transmission of the CdZnTe substrates, the
Bridgman technique with Cd overpressure is widely used for
IR applications to obtain crystals with high IR transmission.™

Te inclusions and precipitates also influence the carrier
transport properties of CdZnTe crystals grown by the HPB
technique. Techniques to control their concentration and
spatial distribution will be essential for further progress of the
X- and y-ray radiation detector applications. Growth close to
stoichiometry also minimizes the incorporation of native

defects, such as Cd(Zn) vacancies (Te-rich growth) and Cd interstitials (Cd-rich growth) and can produce crystals
with low free carrier concentration and relatively high resistivity. It is to be mentioned, however, that the best
stoichiometry control of (Cdy«Zny):.,Te, ingots achievable by present day techniques (dy = 2x10™) potentialy
produces native defects and free carrier concentration in excess of 10" cm? far exceeding the free carrier



concentration (10° cm®) required for high-resistivity (3x10'° Qcm) CdzZnTe. In growth experiments with Cd
overpressure, CdZnTe resistivity in the 10’ — 10° Qcm is often obtained. The relatively high resistivity is possibly
due to the precipitation of the excess constituent (Te or Cd) and electrical compensation by impurities.

3. PROPERTIES OF HPB-GROWN CdZnTeINGOTS

Cracking

An axial dlice from atypical HPB CdZnTe ingot is shown in Fig. 3. Usually, macroscopic cracks are observed
in the ingots that are typically initiated perpendicular to the surface and run inward toward the center. The cracks are
the result of the low rupture modulus of CdZnTe’ and thermal and mechanical stresses exerted on the CdZnTe ingots
during crystal growth. Most of the cracks are formed and propagated in the ingots during crystal growth and
cooldown. Additional cracks are formed, and existing ones extended, during slicing and dicing of the material.
Cracking is often observed during the dicing of relatively crack-free ingots, suggesting large in-built stress in HPB
CdznTe. Cracks are the major source of material loss of HPB-grown Sl CdZnTe and their elimination would provide
the single most significant yield improvement for detector fabrication. Experience shows that the cracks are related
to the thermal gradient in the single-zone HPB furnaces and mechanical stresses at the ampoule wall.

We have studied these effects in a series of growth experiments and established some correlations between the
various sources of thermal and mechanical stresses and the degree of macroscopic cracking of the ingots. We have
found that by choosing appropriate crucible materials and thermal profilesin the furnace, stresses in the material can
be significantly reduced and the macroscopic cracking of CdZnTe ingots can be substantially suppressed.” Since
thermal stresses in the ingots during crystal growth are a function of the physical parameters of the solid and molten
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Fig. 3. Axia slice of aHPB CdznTeingot.

CdznTe, ingot diameter and size, crucible material and heater design, substantial development is needed to achieve a
crack-free growth of large-diameter SI CdZnTe ingots. SI CdZnTe crystals with good radiation detector performance
are often quite brittle, posing significant problems for material handling during detector fabrication and leading to
substantial fabrication yield losses. The origin of this brittleness was suggested to be related to the segregation of
ZnTe precipitates in the CdZnTe matrix.> Further research is needed to better understand the fragility of SI CdZnTe
ingots and clarify its origin.

Pipes

Fig. 4 shows an infra-red (IR) micrograph of an HPB Sl CdZnTe ingot. Two types of macro defects are usually
observed in these crystals. hollow tubular defects (“pipes’) and Te-rich inclusions. Pipes are tubular structures
running intermittently and parallel to the growth axis of the HPB CdZnTe ingots. A higher density of more irregular
pipes are usually observed in the tip of the ingot and a more regular array of pipes with gradually decreasing density
is observed in the middle and heel regions of the ingot. The pipes typically appear and disappear in families and their
cross-sections may vary along their length. They are typically hollow but some were suggested to be filled with



carbon.™ It is not clear at this point, however, whether the C filled rod-like defects are of the same origin as the
pipes.

The formation of pipes parallel to the growth axis prohibits routine dicing of the ingots perpendicular to the
growth axis (radia dicing). Pipes intersecting the electrodes perpendicularly usually cause high leakage currents,

distorted electric fields, voltage breakdown and generally render the crystals useless in most the detector
applications. This poses a significan gmu antage in detector fabrication and inhibits the exploitation of the lower
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Fig. 4. IR micrograph showing the typical large defects, cracks, pipes and Te inclusionsin HPB CdZnTe ingots.

Zn composition variation in radially sliced detectors than in axially sliced detectors.'*®

Fig. 5. IR micrograph of a 140 mm diameter HPB CdZnTe ingot with low density of
pipes.

The origin, and the formation mechanism, of pipes are not yet resolved in HPB CdZnTe. The predominantly
hollow nature of these defects, however, indicates that they are formed by the trapping of gas bubbles at the growth
interface. Generally, the pipes appear and disappear in families and their diameter often varies along their length.
Impurities may aso play a role in the nucleation, stabilization and eventual collapse of the gas bubbles. These
observations suggest that the pipes are related to fluctuations in the growth conditions (temperature, pressure, growth



rate) during the solidification process. SEM studies showed the pipes to be hollow with some Te enrichment in the
lattice at the ends of the pipes. Considering this effect, and the significant Cd evaporation and loss during the HPB
process, it has been suggested that the pipes are formed by the trapping of Cd bubbles from the melt at the growth
interface.® Based on this assumption, pipe formation can be reduced by lowering the temperature gradient in the melt
and by a better control over the growth conditions. Early growth experiments confirmed that pipe formation can be
significantly suppressed by improved process control >

Fig. 5 shows an IR micrograph of a new 140 mm diameter HPB CdZnTe ingot with a very low density of pipes.
In addition, the pipes are concentrated in a highly localized sections of the ingot close to the tip and heel. Nearly
90% of the volume of the ingot is free of pipes. The new HPB furnace was designed to incorporate a tighter control
of the thermodynamic parameters during the crystal growth and cool down of the ingot. The low density of pipes
grown in these improved furnaces is expected to increase the yield of high-quality SI CdZnTe crystals and provide
the first step towards wafer processing of CdZnTe.

Morphology of HPB SI CdZnTeingots

The typical CdZnTe ingots shows a characteristic columnar structure, where the large grains grow parallel to
the growth axis (Fig. 3). The average size of monocrystal grains is typically 2-3 cm in the HPB Sl CdZnTe ingots.
The grains contain varying numbers of twin boundaries. The radiation detector crystals cut from these materials are
typically polycrystalline or single crystals with twins.

Te-rich inclusions are the other macro defects usually abundant in HPB-grown CdZnTe ingots. The definitions
of Rudolph and Miihlberg for inclusions and precipitates are used here.® Precipitates originate during the cooling
process due to the retrograde slope of the solidus line and their growth is controlled by atomic diffusion. The
average diameter of Te precipitatesis 10 — 30 nm. Although significant concentration of Te precipitates are expected
to form in HPB-grown CdZnTe crystals, they will not be discussed in this review. In contrast to precipitates, the
typical diameter of Te-rich inclusions formed in HPB-grown CdZnTeisinthe 1 — 50 umrange. Inclusions originate
from morphological instabilities at the growth interface as Te-rich melt droplets are captured from the boundary
layer ahead of the interface.®

The concentration of inclusions typically increases from the tip to the heel of the ingot. The spatial distribution
of Teinclusions typically falls into one of three categories: dispersed, cellular or segregated along grain and/or twin
boundaries.5 Dispersed inclusions have little effect on the electrical properties of CdZnTe crystals. Cellular
inclusions and inclusions along grain boundaries, on the other hand, may strongly influence the electrical properties
and severely deteriorate the detector performance of the crystals. The electrical conductivity of Te inclusions is
several orders of magnitude higher than that of the surrounding CdZnTe lattice, due to the narrow band gap of Te.
As aresult, Te inclusions aligned in patterns that run from electrode to electrode in CdZnTe detectors gave rise to
several effects. They distort the electric field in the crystal, reducing the active volume of the detector and causing
voltage breakdown, and they increase the |eakage current and degrade the energy resolution of the device.

Effect of grain boundaries on detector performance

Fig. 6 shows a map of the detector response on two 50x50 mm? sections of a SI HPB CdzZnTe slice (3 mm
thick) with significant number of grain boundaries and twins. The detector response represents the total number of
counts above the noise level for a °’Co source measured by a single channel analyzer. The radioactive source is
placed close to the continuous back electrode and the counts were measured by a 1 mm diameter conductive rubber
probe, surrounded by a guard ring, moved over the surface in 1 mm steps using an X-Y stage.

The results 6 show a high counting efficiency inside the grains and nearly zero response from regions along the
large angle grain boundaries. No correlation is found with the numerous twin boundaries observed inside the grains,
indicating that twins have a negligible effect on the electric field and charge collection of SI CdZnTe devices. Cracks
propagating inside the grains in the lower right and top left of the right section also give nearly zero response. It isto
be noted that not al of the grain boundaries have a detrimental effect on the detector response. Further studies are
needed to clarify the nature of grain boundaries showing significant degradation of the detector performance.
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Fig. 6. Detector response and grain boundary map of SI HPB CdZnTe ingot.

Elimination of Te inclusions, or the growth of large single crystals with dispersed Te inclusions, is desirable to
obtain CdZnTe radiation detectors with more uniform electrical properties. Te inclusions can be eliminated from
CdznTe crystals by controlling the Cd partial pressure during crystal growth or by post-growth annealing in Cd
vapor.®!® These techniques are now routinely applied to CdZnTe crystals used as substrates for HgCdTe IR
detectors. It is not clear at this point how processing in Cd vapor would affect electrical compensation and carrier
trapping in SI CdZnTe.

4. POTENTIAL OF CONVENTIONAL BRIDGMAN TECHNIQUES

Fig. 7 shows a Cd,..Zn,Te (x = 0.04) ingot grown by the conventional vertical Bridgman technique in a multi-
zone furnace using Cd overpressure. Fig. 8 shows a section of a CdZnTe ingot grown by the horizontal Bridgman
technique. The ingots shows no cracking and large single-crystal grains with few twins. The ingots were grown under
nearly stoichiometric conditions and show high IR transmission and very low density of Te inclusions and
precipitates. These ingots yield single crystals with surface area exceeding 40x60 mm? and thickness exceeding 4
mm and would be ideally suited for X- and y-ray detector array applications.

The electrical resistivity is typically 2-3 orders of magnitude lower than the intrinsic resistivity of CdZnTe and
fals in the 10° — 10® Qcm range. The low resistivity indicates incomplete electrical compensation in the material.
Annealing the material in Cd vapor increases the electrical resistivity to the high 10° Qcm range. However, detctors
fabricated from these crystals show very poor response to X-ray and y radiation. Glow-discharge mass spectroscopy
analysis results indicate that the purity of the CdZnTe ingots grown by the conventional Bridgman technique is
inferior to the purity of HPB-grown Sl CdZnTe. Impurities with both shallow and deep levels are typically present in
concentrations exceeding 10™ cm®, explaining the low resistivity and strong carrier trapping in these materials.
Intense research will be necessary to improve the purity of CdZnTe grown by the conventional Bridgman techniques
and grow high resistivity material with adequate charge transport properties for radiation detector applications.
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Fig. 7. Vertical Bridgman CdZnTe ingot

Fig. 8. Heel section of a horizontal Bridgman CdZnTe
ingot.

5. CONCLUSIONS

Macroscopic cracking and large defects such as pipes, Te inclusions and grain boundaries affecting the
electrical properties have amajor role in limiting the yield of radiation detector crystals from HPB-grown SI CdZnTe
materials. Growth experiments have shown that both macroscopic cracking and the formation of pipes can be
significantly suppressed by improved growth techniques. The results suggest that pipes are formed by the trapping of
Cd bubbles from the melt at the growth interface, and their formation is related to fluctuations in the growth
conditions. Growth of 140 mm diameter HPB SI CdZnTe ingots with very low pipe density (< 10% volume
fraction) was demonstrated. Macroscopic cracking is related to the thermal and mechanical stresses occurring during
the growth and can be significantly reduced by appropriate furnace design and crucible materials. The effect of large-
angle grain boundaries on the detector performance was demonstrated using X-Y mapping technique. Full dice
mapping techniques are under development to aide material selection for detector array applications. Conventional
Bridgman techniques are capable of growing large area CdZnTe single crystals. Significant research will, however,
be necessary to improve the electrical resistivity and charge transport properties of these crystals.
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