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Abstract: A multi-step annealing method was successfully applied to inclusions reduction and
resistivity improvement of CdMnTe:In (CMT:In) single crystals with high resistivity, including a Cd
atmosphere annealing step followed by a Te atmosphere annealing step. After the Cd atmosphere
annealing step, the density of Te inclusions was reduced distinctly, and it could be also decreased in
the subsequent step of re-annealing under Te atmosphere. Both the resistivity and IR transmittance
decreased notably after Cd atmosphere annealing, whereas they increased tremendously after
re-annealing under a Te atmosphere. The reduction of full-width at-half-maximum (FWHM) and the
increase of the intensity of the X-ray rocking curve indicated an improvement of the crystal quality.
Meanwhile, after Cd atmosphere annealing, the increase of the intensity of the (D°,X) peak and the
disappearance of the (A’ X) peak in photoluminescence (PL) measurements suggested further that
the crystal quality was improved. The detector performance was enhanced obviously after annealing.
The higher the annealing temperature, the better the performance was. The detector fabricated
by CMT:In slice (Cd atmosphere annealing at 1073 K for 240 h and Te atmosphere re-annealing
at 773 K for 120 h) with 9.43% energy resolution and 1.25 x 1073 cm?/V ut value had the best
detector performance.

Keywords: CdMnTe:In; Te inclusions; resistivity; crystal quality; radiation detector

1. Introduction

The compound semiconductor material CdMnTe (CMT) has many applications for infrared (IR)
detectors, solar cells, optical isolators and spintronic devices [1]. It is considered to be the substitute
material of CdZnTe because of its optimal band-gap energy, fine mechanical stability, and near-unity
segregation coefficient of Mn [2]. At present, CMT has attracted interest for the application of a room
temperature radiation detector due to its wide band-gap, high resistivity, and good electron-transport
properties [3-5]. However, CMT single crystals usually have some structure defects, especially Te
inclusions, which will badly deteriorate the detector performance [6]. Therefore, in order to improve
the crystal quality, researchers adopt post-growth annealing to reduce or eliminate these defects.
However, few studies about the annealing of CMT crystals have been reported [7-10]. Generally, one
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annealing method only contains one step. For example, in order to reduce Te inclusions, CdTe-based
crystals are generally annealed under a Cd atmosphere [11-13].

For CdTe-based room temperature radiation detectors, one very important property is resistivity.
However, annealing in a Cd atmosphere will lead to an obvious decrease of the resistivity and
the crystal will lose detection ability. How to increase the resistivity again is very important.
As is well known, the Fermi-level of semiconductor material must be pinned at the mid band-gap
position to obtain high resistivity. The deep-level centers in crystals are a key factor of obtaining
high resistivity [14]. Moreover, the reduction of carrier concentration by Te annealing is another
reason to obtain high resistivity. Yang et al. [15] used a two-step annealing method (Cd annealing
followed by Te annealing) for CdZnTe. Te annealing results in abundant formation of Cd vacancies,
which are acceptors, and then carrier concentration is decreased. In this paper, the aim is focused
on the elimination of Te inclusions and keeping high-resistivity by optimal annealing conditions.
The annealing of CMT:In crystals was adopted using a multi-step method, including a Cd atmosphere
annealing step followed by a Te atmosphere annealing step. The effects of annealing temperature on
the properties of CMT:In crystals were investigated. Moreover, the performance of CMT radiation
detectors was also measured.

2. Materials and Methods

One Cdg9Mng Te:In (CMT:In) crystal ingot was grown using the modified vertical Bridgman
method using high-purity raw materials of Cd (7N), Mn (5N), and Te (7N). The ingot was doped
with 15 ppm Indium (7N), equivalent to a concentration of 5 x 1017 atoms/cm~3. CMT wafers were
cut from the ingot along (111) face of the ingot. The wafers were then diced into small slices with
the dimensions of 10 x 10 x 2 mm3. The slices with a resistivity of about 10° Q)-cm were chosen for
multi-step annealing treatment. Annealing was performed in a two-zone furnace. Before annealing,
all the slices were polished with MgO suspension and then etched with 3% Br,-MeOH solution.
The multi-step annealing treatment was performed in two annealing steps, including a Cd atmosphere
annealing step and a Te atmosphere annealing step. High-purity Cd (7N) and Te (7N) were used for
the annealing sources. CMT could be considered as CdTe because of the low concentration of Mn
in CMT. According to Li et al. [16], the annealing temperature must be chosen from 722 K to 1150 K.
Thus, annealing temperatures of 1073 K, 973 K, and 873 K (higher than the melting point of Te (723 K))
were adopted for Cd atmosphere annealing. The annealing time was chosen as 240 h, according to our
previous research [17]. The purpose of this step was to reduce or eliminate Te inclusions. The sources
and the slices were fixed at different sides of quartz crucibles. The quartz crucibles were sealed
under a vacuum of 1073 Pa and then placed into a two-zone annealing furnace. When the annealing
temperature on the side of the slice was 873 K, the temperature on the side of the source was 813 K.
After annealing under a Cd atmosphere, the slices were re-annealed under a Te atmosphere. This step
was aimed at enhancing the resistivity further. In order to reduce Cd evaporation in crystals, the
annealing temperature of both slices and the source was chosen as 773 K. The annealing experiment
under a Te atmosphere was also carried out in a two-zone furnace and the annealing time was 120 h.

The near-infrared spectrum (NIR) was tested by a Shimadzu UV-3150 UV-VIS-NIR spectrometer
(Shimadzu, Tokyo, Japan) in the wavelength range of 1200 to 700 nm at room temperature. Te inclusions
were observed by IR transmission microscopy (Micronviewer 7290A, Electrophysics Corporation,
Fairfield, NJ, USA). IR transmittance was measured by a Nicolet Nexus 670 spectrometer (Thermo
Electron Corporation, Waltham, MA, USA) in the wavenumber range from 4000 cm~! to 500 cm™1.
Photoluminescence (PL) measurement was carried out by a Triax 550 tri-grating monochrometer
(HORIBA Jobin Yvon, Paris, France). An argon ion laser with a wavelength of 488 nm was used to
excite the PL spectra. The measurement temperature was 10 K. Meanwhile, the current-voltage (I-V)
curves of samples were tested by Agilent 4155C (Agilent Technologies Inc., Santa Clara, CA, USA) at
room temperature. The energy resolution of the detectors was measured with an ORTEC measurement
system (AMETEK ORTEC, Oak Ridge, TN, USA) using a HlAm y-ray source.
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3. Results and Discussion

3.1. Effect of Multi-Step Annealing on the Concentration of Mn

NIR transmittance is a nondestructive and easy way for determining the relative content of Mn
and the band gap of CMT. The typical NIR transmittance spectra of CMT:In crystals before and after
annealing (Cd atmosphere 1024 K/240 h, Te atmosphere 773 K/120 h) are shown in Figure 1. It can
be seen that the shapes of the transmittance spectra of CMT:In crystals before and after annealing
are almost coincident except for the maximum transmittance. This indicates that the multi-step,
post-growth annealing has almost no effect on the Mn element because Mn vapor pressure is low.
Therefore, the band gap of Cd9Mny ;Te:In does not change before and after annealing.
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Figure 1. The typical near-infrared spectrum (NIR) transmittance spectra of CMT:In crystals before
and after annealing (Cd atmosphere 1073K/240 h, Te atmosphere 773 K/120 h).

3.2. Effect of Multi-Step Annealing on Te Inclusions

Figure 2 shows the typical IR microscope image of Te inclusions in an as-grown CMT:In crystal.
It can be observed that the density of Te inclusions is large. Te inclusions with the size about 1~15 um are
mainly near-triangular and hexagonal. Figure 3 shows IR microscope images of the CMT:In slices before
and after annealing under a Cd atmosphere. The sample is observed in situ. For as-grown CMT:In slices
(cut from the same wafer), the inclusion density is calculated to be (2~3) x 10° cm 2 (Figure 3A-C).
After annealing at 873 K (Figure 3a), 973 K (Figure 3b), and 1073 K (Figure 3c), the densities of Te
inclusions are reduced to the orders of 103 cm~2, 10> cm~2 and 10' cm~2. The density of Te inclusions
markedly reduces when the thermal treatment temperature increases from 873 K to 1073 K. Apparently,
annealing under a Cd atmosphere is effective for eliminating inclusions. Vydyanath et al. [18] pointed
out that Te inclusions reduction could be explained by the thermomigration theory. When the thermal
treatment temperature is higher than 723 K (the melting point of Te), the solid inclusion phase will
transform to a liquid phase. The liquid inclusion phase migrates to the crystal surface and then will be
eliminated by evaporation or reaction. Moreover, in this paper, Te inclusions cannot be eliminated
completely when the temperature of annealing under Cd atmosphere is 1073 K and the time is more
than 240 h. This result is consistent with that of our previous research [17]. According to the dynamics
of thermal migration [19], Te inclusions with a small size were hard to migrate because of big surface
energy. The size of some Te inclusions for CMT crystals investigated in this paper is only several
microns or even about 1 pm. In the end, although the annealing takes a long time, these inclusions are
still unable to be eliminated.

For clearly observing the morphology of the inclusions further, IR microscope images of the
same CMT:In slice before and after Cd atmosphere annealing (873 K for 240 h) and Te atmosphere



Crystals 2018, 8, 387 40f14

re-annealing (773 K for 120 h) are shown in Figure 4. In Figure 4A-C, the density of Te inclusions
gradually decreases. However, the density is still in the order of 103 cm~2. In the enlarged images, the
size of Te inclusions is smaller and smaller. Te inclusions can also be eliminated by annealing under Te
atmosphere. A small number of Te inclusions still migrate when the annealing takes place under a Te
atmosphere. The process is different from that of annealing under a Cd atmosphere. A Te atmosphere
hinders the migration of Te inclusions, which results in few Te inclusions being eliminated. Moreover,
the morphology of the inclusions is spherical after annealing. The reason is that Te droplets form
during annealing and then the shape is maintained during cooling [20].

Figure 2. The typical IR image of an as-grown CMT:In crystal.

Figure 3. IR images of CMT:In crystals before and after Cd atmosphere annealing: (A-C) as-grown;
(a) 873 K for 240 h; (b) 973 K for 240 h; (c) 1073 K for 240 h. The size of the images is 9 x 9 mm?.
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Figure 4. IR images of CMT:In crystals before and after annealing: (A) as-grown; (B) after Cd
atmosphere annealing at 873 K for 240 h; (C) after Te atmosphere annealing at 773 K for 120 h.

The size of the images is 9 x 9 mm?.

3.3. Effect of Multi-Step Annealing on Crystal Quality

An X-ray rocking curve is used to test the crystal quality of CMT before and after annealing,
as shown in Figure 5. The result of the full-width at-half-maximum (FWHM) for the as-grown
CMT:In crystal is 68”. Then, the value for the crystal after annealing decreases to 37”. Moreover, the
corresponding intensity of the diffraction peak improves, and the position moves from 11.5945° to
11.5875°. Obviously, the result of the X-ray rocking curve indicates that the crystal quality is improved
after annealing. Generally, the defect or macro elastic stress in crystals will destroy crystal structure
perfection and cause the irregular array of atoms. In consequence, the crystal plane distorts and
inclines, which results in the change of interplanar spacing. Thus, structure defects, such as inclusions
and dislocations, will cause lattice distortion and the change of interplanar spacing. In this paper, many
Te inclusions and dislocations exist in the as-grown crystal. These defects cause mismatch stress and
destroy crystal structure. According to the Bragg’s law [17], the diffraction angle of an X-ray changes
and the diffraction peak deviates from the theoretical position. The FWHM is wide and the intensity
is weak. For the annealed crystal with fewer defects, the FWHM becomes narrow, the intensity is
enhanced, and the diffraction peak moves closer to the theoretical position.
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Figure 5. X-ray rocking curves of CMT:In slices, before and after annealing.
3.4. Effect of Multi-Step Annealing on Resistivity

For current-voltage (I-V) measurement, Au electrodes are deposited on both sides of the slices.
Figure 6 shows the results of I-V measurements for CMT:In slices before and after annealing.
The resistivity for as-grown CMT:In crystal is about 10° Q-cm order of magnitude. The leakage
current is within 21 nA when the bias voltage is 100 V. After annealing under a Cd atmosphere, the
variation of the leakage current is noticeable (Figure 6b). A significant decrease of the resistivity is
observed. When bias voltage is higher than 5 V, the leakage current rapidly increases and reaches up
to pA order of magnitudes. Hall measurement indicates that the crystal exhibits n-type conduction.
Lyahovitskaya et al. [21] pointed out that the concentration of electrons increased after Cd atmosphere
annealing and resulted in n-type conduction. Actually, Cd atoms diffuse into CMT:In crystal to
form Cd interstitial atoms (Cd;) during Cd-rich annealing. Thus, Cd vacancies (Vq) are wiped out.
The concentration of the n-type carrier increases and material becomes n-type conduction. In Figure 6b,
the I-V curve is nonsymmetrical. In fact, Cd will diffuse to both sides of CMT crystal, but more
Cd atoms will diffuse to the side that is close to the Cd source, which will result in asymmetry of
the I-V curve. For a long annealing time, Cd atoms will diffuse to the whole crystal and the I-V
curve will be symmetrical. When bias voltage is higher than 50 V, the leakage current is large and
reaches the limit of the equipment. After re-annealing under Te atmosphere, the resistivity is enhanced
markedly (Figure 6¢). This result achieves the purpose of keeping high resistivity. It can be seen that
the leakage current is only 3 nA. The high-resistivity material is formed. Te saturated vapor pressure
restrains the evaporation of the Te element in CMT crystal. Cd; atoms decrease and V4-acceptor
concentration is increased by the evaporation of the Cd element. Hall measurement indicates that
the carrier concentration of the annealed CMT:In slice is 10* cm 3 order of magnitudes and the slice
has weak p-type conduction. Therefore, the reduction of the carrier concentration results in high
resistivity. The resistivities of 873 K, 973 K, and 1073 K in annealed CMT:In crystals are calculated to be
1.26 x 10'° O-cm, 2.24 x 10'° O-cm and 2.75 x 10'9 Q-cm, respectively, which are higher than that of
as-grown crystals.
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Figure 6. Current-voltage (I-V) curves of CMT:In crystals before and after annealing: (a) as-grown;
(b) after Cd atmosphere; (c) after Te atmosphere. The inserts are the I-V curves (—1V~1V) of the crystals.

3.5. Effect of Multi-Step Annealing on IR Transmittance Spectra

IR transmittance spectrum is also used to evaluate the crystal quality of CMT crystals. Figure 7
shows the test result. In Figure 7a, the transmittance curves are high straight lines for both as-grown
and annealed CMT:In slices in the wave number region from 500 cm~! to 4000 cm~!. The average
transmittance for as-grown crystal is 53%. However, the transmittance curves for Cd atmosphere
annealed crystals show ascending lines. The average transmittances are 33% (873 K), 29% (973 K) and
27% (1073 K), respectively. Hall measurement indicates that the carrier concentration for as-grown
crystals is 3.16 x 10° cm 3. However, the concentration of carriers for the crystal after Cd atmosphere
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annealing at 1073 K is 6.44 x 10'* cm~3. The carrier concentration increases tremendously. The higher
the annealing temperature, the more the concentration of carriers there is. Here, the free-carrier
absorption dominates the IR absorption and influences IR transmittance [22,23]. This result is consistent
with that of electrical measurement after Cd atmosphere annealing.
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Figure 7. IR transmittance curves of CMT:In crystals before and after annealing: (a) Cd atmosphere;
(b) Te atmosphere.

In Figure 7b, the transmittance curves of the CMT:In slices show the feature of high straight
lines again after re-annealing under Te atmosphere. Hall measurement indicates that the carrier
concentration is 5.68 x 10* cm~3. Tt is clear that the carrier concentration is greatly decreased. The result
is still consistent with that of electrical measurement after Te atmosphere annealing. The free-carrier
absorption does not dominate the IR absorption because the carrier concentrations are low for all slices.

3.6. Effect of Multi-Step Annealing on PL Spectra

Photoluminescence (PL) spectroscopy is used to characterize point defects in CMT:In crystals. It is
helpful to understand the annealing influence. The low-temperature PL spectra at 10 K for as-grown
and annealed CMT:In slices is shown in Figure 8. The spectra can be divided into three regions
according to Du et al. [22]. They are near-band-edge region (1.68-1.76 eV), donor-acceptor pair (D,A)
region (1.59-1.68 eV), and A-center region (1.42-1.59 eV).
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Figure 8. Photoluminescence (PL) spectra of CMT:In crystals before and after annealing: (a) as-grown
(b) Cd atmosphere; (c) Te atmosphere.

Comparing curve a with curve b in Figure 8, some interesting changes are found. In the
near-band-edge region, the (A?,X) peak almost disappears after Cd atmosphere annealing. The intensity
of the (D, X) peak significantly increases and the FWHM reduces. Generally, the crystal quality depends
on the intensity of the neutral donor bound exciton peak (D’,X). Cd atmosphere annealing effectively
eliminates Te inclusions and improves the crystal quality. In the donor-acceptor pair (DAP) region,
a DAP peak can be observed in as-grown crystal, while it disappears after annealing. The phenomenon
can be explained by the removal of the impurities [17,22]. Moreover, the DAP peak is relative to
the complexes formed by indium and Cd vacancy [24]. Cd atoms diffuse into CMT:In crystals and
compensate Cd vacancies in the complexes. This can also decrease the intensity of the DAP peak.
Finally, in the A-center region, the intensity of the Deomplex peak remarkably decreases after annealing.
A Deomplex peak is generally ascribed to Cd vacancy-shallow donor complex [22]. In indium-doped
CdTe-based crystals, ionized donor [Inc4q]* and Cd vacancy related complex is responsible for the
Dcomplex peak [25]. Two factors, the compensation of Cd vacancies and the elimination of Te inclusions,
result in the reduction of the intensity of the Deomplex peak. In addition, a I[(DY,X)/ I(Deomplex) ratio
is also adopted to evaluate the crystal quality. The larger the ratio, the better the crystal quality
is. The ratios for as-grown and annealed crystals are 1.27 and 4.70, respectively. It also shows the
improvement of the crystal quality. After re-annealing under Te atmosphere, comparing curve b with
curve c in Figure 8, there are two obvious changes. First, the intensity of the (D, X) peak decreases,
and second the Domplex Peak increases. It can be explained by the increase of Cd vacancy density in
the process of Te atmosphere annealing [22]. After Te atmosphere annealing, the I[(D°,X)/ I(Dcomplex)
ratio varies from 4.70 to 1.69. However, on the whole, the crystal quality is improved after annealing.
Figure 9 shows the PL spectra of CMT:In crystals after multi-step annealing. It can be seen that the
intensity of the (D X) peak increases and the intensity of the Decomplex peak decreases as the annealing
temperature increases. The corresponding value of the (DY, X)/ I(Deomplex) ratios is also enlarged. Thus,
the crystal quality is gradually improved with the increasing annealing temperature.
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Figure 9. PL spectra of CMT:In crystals after multi-step annealing: (a) Cd atmosphere annealing at
873 K and Te annealing re-annealing at 773 K; (b) Cd atmosphere annealing at 973 K and Te annealing
re-annealing at 773 K; (c) Cd atmosphere annealing at 1073 K and Te annealing re-annealing at 773 K.

3.7. Effect of Multi-Step Annealing on the Performance of Detectors

The as-grown and annealed CMT:In slices are fabricated to room temperature detectors after the
preparation of planar-electrodes on both sides. Figure 10 shows 24! Am y-ray spectra of the detectors.
The applied voltage is 60 V, the shaping time is 1 ps. The energy resolutions of the detectors fabricated
by three as-grown CMT:In slices are 35.38% (Figure 10a), 36.27% (Figure 10b) and 36.94% (Figure 10c),
respectively. Meanwhile, the corresponding energy resolutions of the detectors fabricated by annealed
CMT:In slices are 14.79% (Figure 10a), 11.18% (Figure 10b) and 9.43% (Figure 10c), respectively.

Apparently, the energy resolution is drastically improved.
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Figure 10. Cont.
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Figure 10. 2! Am y-ray spectra of CMT detectors fabricated by as-grown and annealed CMT:In slices:
(a) Cd atmosphere at 873 K for 240 h and Te atmosphere at 773 K for 120 h; (b) Cd atmosphere at
973 K for 240 h and Te atmosphere at 773 K for 120 h; (c) Cd atmosphere at 1073 K for 240 h and Te
atmosphere at 773 K for 120 h.

The Hecht Equation (1) [26] is used to calculate the mobility-lifetime products of single carriers
(electron or hole), as follows:

E —d
Q=Qx Erli—exp( ) M)

where Q and Qy are the charge collection and the maximum collectible charge, respectively; ut is the
mobility-lifetime product; E is the applied electric field, and d is the thickness of the sample. As the
voltage changes, the energy resolution and the position of the energy peak are also changed. Based on
this, the collection efficiency of the detectors is determined. Then the ut value for single carriers can
also be calculated. The defects which are trapping centers will influence the mobility-lifetime product.
For as-grown crystal, there are lots of Te inclusions and dislocations. Low resistivity will result in high
leakage current, which causes high electrical noise. Therefore, the detectors fabricated by as-grown
crystals have low collection efficiency and poor energy resolution. Thus, the yt value of an electron
for as-grown crystal cannot be calculated because there is not enough data of the voltage vs the peak
position. After annealing, the defects are observably decreased and the resistivity is enhanced. As a
consequence, the energy resolution improves. The collection efficiency of the detector (fabricated by
the slice after Cd atmosphere annealing at 1073 K for 240 h and Te atmosphere re-annealed at 773 K for
120 h) at different voltages is shown in Figure 11. The pt values of the detectors fabricated by annealed
CMT:In slices are 2.50 x 10~* cm?/V (873 K, Figure 10a), 7.58 x 10~* cm?/V (973 K, Figure 10b) and
1.25 x 1073 em?/V (1073 K, Figure 10c), respectively. The detector with the best performance can
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achieve the requirement of high-performance detection. It is found that the mobility-lifetime product
for as-grown CMT is about 10~% cm?/V orders of magnitude [27], significantly less than that (about
1072 cm?/V order of magnitudes) for as-grown CdZnTe [28]. There are mainly two reasons for this
problem. First, the purity of Mn (5N) is markedly lower than that of Zn (7N). Second, CMT crystal with
sphalerite structure has very low layer fault energy, which will result in the formation of more twins.
Thus, more impurities and defects in as-grown CMT crystals reduce the mobility-lifetime product.
Bulk CdZnTe with a high quality can be grown by high quality seeds. However, CMT seeds with a
high quality are difficult to obtain. Moreover, compared to CdZnTe, the detector performance of the
crystals obtained by post-growth annealing is also not good because CMT has more defects. In our
previous work [29], Te inclusions could be eliminated completely for CdZnTe, but this defect could
not be eliminated completely for CMT [30]. The best fitting for the yt value is shown in Figure 11.
However, there are still errors between the experimental and the theoretical values. It is known that the
mobility-lifetime products are mainly influenced by defects. Defects, such as Te inclusions, will cause
an inhomogeneous distribution of electric field. The migration of carriers will be influenced, which
results in the deviation between the experimental and the theoretical values. Actually, the improvement
of the detector performance is due to the enhancement of the crystal quality. The decrease of trapping
centers improves the transmission efficiency of carriers, and high resistivity guarantees good energy
resolution. The optimal annealing condition for CMT:In crystal is Cd atmosphere annealing at 1073 K
for 240 h and re-annealing under Te atmosphere at 773 K for 120 h.
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Figure 11. Collection efficiency of CMT:In detectors after Cd atmosphere annealing at 1073 K for 240 h
and Te atmosphere re-annealing at 773 K for 120 h.

4. Conclusions

The main effects of a multi-step annealing method on secondary phase particles, related defects,
and resistivity of high-resistivity CMT:In crystals were investigated. The method included a Cd
atmosphere annealing step and a Te atmosphere annealing step. After annealing under a Cd
atmosphere, most Te inclusions were eliminated. Re-annealing under a Te atmosphere could also
reduce this defect. The decrease of the FWHM of an X-ray rocking curve and the increase of IR
transmittance indicated the improvement of the crystal quality. PL measurements also showed that
the crystal quality was improved by the increase of the intensity of the (DY,X) peak, the disappearance
of the DAP peak and the decrease of the D¢omplex peak. After annealing, the detector performance was
obviously improved. The higher the annealing temperature, the better the performance was. The best
detector performance was a 9.43% energy resolution and a 1.25 x 1073 cm?/V ut value. The optimal
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condition of thermal treatment in this paper was Cd atmosphere annealing at 1073 K for 240 h and
re-annealing under Te atmosphere at 773 K for 120 h.
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