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Thermal annealing of CdTe-rich HgCdTe: structural and optical studies
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The article presents the results of studying the structural and optical properties of Hg;_xCdxTe films with a high
(x = 0.5—0.7) CdTe content, grown by molecular beam epitaxy and subjected to thermal annealing at temperatures
from 330 to 440 °C. The effect of annealing on the crystal structure and point defects is determined based on optical
transmittance, photoluminescence, X-ray diffraction, and energy-dispersive X-ray spectroscopy studies. It is shown
that the defect structure of the material undergoes significant changes after annealing, while its crystalline perfection

changes insignificantly.
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1. Introduction

Solid solutions of Hg;_xCdxTe (CdHgTe) with a high
(x >0.5) CdTe content are used in the development
of near-infrared photodetectors for astronomical observa-
tions [1] and in the creation of barrier layers of laser
heterostructures [2] and nBn-photodetectors [3,4]. A ma-
terial with a hole type of conductivity is required for the
manufacture of both photodetectors and injection lasers,
however, the acceptor doping of CdHgTe with X > 0.5 has
not been sufficiently developed at the moment [5,6]. An
obvious (and traditional for CdHgTe with X < 0.5) variant
of such doping is the introduction of intrinsic acceptors
such as mercury vacancies by thermal annealing under
conditions of its deficiency [7]. However, for CdHgTe
with X > 0.5, synthesized by the most popular method
of molecular beam epitaxy(MBE) today, such annealing
should be carried out at temperatures exceeding the growth
temperature by 2—25times. This can lead to structural
changes and the appearance of a large number of defects
in a material with weak chemical bonds, such as CdHgTe.
We investigated these effects by studying the structural and
optical properties of MBE-grown Hg;_yCdyTe films with
X = 0.5—-0.7 subjected to thermal annealing to generate
mercury vacancies.

2. Experimental methods

Films with a thickness of 3—4um were grown on
(013) GaAs [8] substrates and had a constant composition
(determined by in situ ellipsometry) across thickness. The
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films were grown under conditions close to optimal for each
composition, i.e. the substrate temperature decreased from
a material with a higher X to a material with lower one.
The films had a n-type of conductivity with an electron
concentration immediately after growing, according to a
study of the Hall effect at a temperature of T = 77K,
(3—60) - 10" cm~3. Annealing to generate vacancies was
carried out at a temperature of Typn from 330 to 440°C
(depending on the composition) in a helium atmosphere
at a reduced mercury vapor pressure for 7—15min. As a
result, the films were converted to the p-type of conductivity
with a hole concentration of (2—7) - 1013 cm™3.

The as-grown and annealed films were studied by optical
transmittance (OT), photoluminescence (PL), X-ray diffrac-
tion (XRD), and electron microscopy with energy-dispersive
X-ray spectroscopy (EDX). The OT spectra were recorded
at a temperature of T = 294 K using InfralUM-801 Fourier
spectrometer with a short-wave unit, or PerkinElmer
Lambda 1050 grating spectrometer. PL spectra were
recorded at T =103K and T =294K using MDR-23
monochromator with excitation by a semiconductor laser
(wavelength 1 = 1.03 um) and recording the signal with
a germanium photodiode using lock-in detection. For
comparison, the optical properties of CdHgTe samples
grown by solid-state recrystallization with replenishment
from the solid phase (volumetric growth) and liquid-phase
epitaxy (LPE) were studied under the same conditions.
X-ray diffraction patterns of the films were recorded using
DRON-8 installation in a slit configuration with a BSV-29
sharp-focus tube with a copper anode and a Nal(TI)
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Figure 1. Optical transmittance spectra of the film (T = 294K) with X = 0.60 before (/) and after (2) annealing, crystal sample (3)
and a layer grown by the LPE method (4) (a); and samples of films with x = 0.50 (/ and 2) and X = 0.70 (3 and 4) before (/ and 3)

and after (2 and 4) annealing (b).

Table 1. Changes of the spectral characteristics of films after annealing

Optical transmittance edge shift, meV PL peak shift, meV APL peak FWHM, meV
Composition X
294K 294K 103K 294K 103K
0.50 8—-11 2—-12 10—-12 1-2 1-4
0.60 17-20 1-2 7-8 1-2 8—10
0.70 20-30 20-27 3245 1-7 12—18

scintillation detector. EDX studies were carried out using
a FEI Quanta 200 electron microscope.

3. Results and discussion

Figure 1 shows examples of OT spectra of a number of
samples before and after thermal annealing. The spectra
are typical of films grown by the MBE [9,10] method; in
the low-energy part, they are characterized by pronounced
interference fringes, indicating good planarity. To describe
the sharpness of the transmittance edge, one can introduce
the value AE, which is a segment on the axis of the abscissa
equal to the energy difference between the maximum and
the intersection with the axis of the abscissa of the tangent
drawn through the point where the transmittance drops by
a factor of two for each spectrum. Then the value AE
will be in the range of 42—51 meV for non-annealed films,
and AE = 36—38meV for annealed films. In the graphs,
the effect of the increase of the sharpness of the OT edge
is clearly visible for films of the compositions X = 0.60
(Figure 1,a, spectra I and 2, Tann = 370°C) and x = 0.70
(Figure 1,b, spectra 3 and 4, Tann = 440°C). Figure 1,a
also shows the OT spectra of samples of similar composition
(x =0.63) of a bulk CdHgTe crystal (spectrum 3) and
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a layer grown by the LPE method on a CdTe substrate
(spectrum 4). It can be seen that the slope of the OT edge
of the annealed film with x = 0.60 grown by the MBE
method corresponds to that of the layer grown by the LPE
method (AE = 35meV), and the slope of the edge of the
bulk sample (AE =26meV) is still sharper. Thus, some
equalization of the composition occurred in films grown by
the MBE method as a result of annealing.

A shift of the OT edge was observed as a result of
annealing in all films. Its value at half the signal intensity is
shown in Table 1.

PL spectra were recorded at T = 103K and T = 294K.
Figure 2 shows the PL spectra of a number of films of
various compositions before and after thermal annealing
recorded at T = 103 K. The shallow levels (with the energy
Es < 15meV) at this temperature which are sometimes
observed at T =4.2K [11], are already ionized, and
the spectra contained only one ,edge* band. Another
type of levels observed in films grown with this MBE
technology, — deep, with 70 < Eq < 90meV [11], was not
detected in the studied samples. The full width at half-
maximum (FWHM) of PL bands of films with compositions
X =0.50, x =0.60 and x = 0.70 grown in one series of
experiments at T = 103K were 19, 28 and 40 meV before
annealing, respectively. FWHM of bands were ~ 40 meV
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Figure 2. Normalized photoluminescence spectra of films with X = 0.70 (a) and X = 0.50 (b) before (/) and after (2) annealing

performed at temperatures of 440 °C (a) and 370°C (b).
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Figure 3. The ratios between the energies and FWHMs of
the PL peaks for CdHgTe samples grown by the volumetric
growth method (7), MBE (2 — non-annealed and 3 — annealed),
and LPE (4).

at T =294K for films with X =0.50 and ~ 55—58 meV
for films with X =0.60 and x =0.70. A shift of the
maximum of the PL band towards high energies and a
decrease in FWHM were observed after thermal annealing;
these values for T = 103K and T = 294K are presented in
Table 1. For a film with X ~ 0.7 annealed for comparison in
the annealing mode to minimize the vacancy concentration
(24h in saturated mercury vapor at Tynn = 225°C), the
shift of the PL peak was insignificant, but its FWHM also
decreased from ~ 30 to ~ 20 meV.

Figure 3 shows the relationship between the FWHMSs of
the PL peaks and the energies of these peaks (i. e., indirectly,
the value x) at T = 103K. The straight lines in Figure 3
represent linear approximations of some relations and are

given for clarity. It can be seen that FWHM of the PL peaks
for samples of bulk crystals (symbols 7) slightly increases
with an increase of X. A sharp increase of FWHM is
observed in non-annealed films grown by the MBE method
(symbols 2) with an increase of x; at the same time, the
FWHM values themselves significantly exceed those for
bulk crystals (symbols /) and layers grown using the LPE
method (characters 4). The dependence of FWHM on
the composition becomes weak for annealed films grown
by the MBE method (symbols 3), and the FWHM values
themselves become comparable to those for bulk material
and layers grown by the LPE method.

X-ray diffraction studies were performed for films with
X =0.70 (before and after annealing at Tynn = 440°C)
and X = 0.50 (non-annealed film). Diffraction patterns
obtained in a wide slit configuration (1.0 mm equatorial slits
were used) are shown in Figure 4 and generally have a
similar appearance. The main peak of the XRD at angles
~ 97.8° had a complex structure, here the two main peaks
for the film with x =0.70 (angles 97.61° and 97.93°)
corresponded to the CdHgTe with X ~ 0.7 (tabular the
value for Cdg7Hgo3Te(620) 97.64°; the peak at 97.93°
most likely corresponded to the radiation of Key). The peak
at the angle 85.70° had a low intensity and was excluded
from the analysis. The XRD rocking curves (RCs) were
obtained in a narrow slit configuration (0.05 mm equatorial
slits were used); their FWHMSs are shown in Table 2.

The diffraction pattern of the annealed structure with
X = 0.70, in addition to the XRD peaks from Cd 7Hgp 3Te,
discussed above, contained a peak at an angle of 119.05°,
which could be attributed to diffraction from the substrate
(tabular value for GaAs (620) 119.07°). This indicated
a lower angle of misorientation of the crystallographic
directions of the film and substrate compared to the non-
annealed sample (in the initial sample, it was estimated as
~ 0.7°). There was no such peak on the diffraction pattern
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Figure 4. X-ray diffraction spectra of films with x = 0.70 before (/) and after (2) annealing at Tann = 440 °C and non-annealed film

with X = 0.50 (3). The callout shows peaks near the angle 97.6 °.

Table 2. FWHMs of the XRD RCs of the studied samples

Half-width of the RC

Film composition
p angular seconds

X = 0.70 (not annealed), 20 = 97.61° 119
x = 0.70 (after annealing), 20 = 97.63° 173
X = 0.50 (not annealed), 260 = 97.74° 176

of the non-annealed film with x = 0.50 (curve 3, here the
angle of misorientation was estimated as ~ 0.9°). The main
XRD peaks from the film here corresponded to the angles
97.74° and 98.07°; the FWHM of the XRD RC for this
sample is also shown in Table 2.

Thus, the XRD data showed the crystallinity of the films
both before and after annealing. Annealing of the film
with X = 0.70 led to a decrease of the intensity of peaks
and a broadening of the XRD RC, but at the same time
the misorientation of the film and substrate significantly
decreased, and the parasitic XRD peak disappeared at an
angle of 85.70°. A decrease of the intensity of the XRD
signal after annealing has already been observed by us in
films with x =0.74 and x = 0.38 [12]; this effect may
be caused by a decrease of the size of coherent scattering
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regions caused by the accumulation of point defects on the
extended ones due to the diffusion of the first during the
annealing process.

According to the XRD data, the diffraction peak from the
film with X = 0.70 shifted to the region of large angles as
a result of annealing. This effect indicates a change of the
interplane distance as a result of annealing, which could be
associated with either a change (in this case, a decrease)
in X or relaxation processes in the film and its deformation.
This film was additionally investigated by the EDX method
to analyze the change of X as a result of annealing. The
studies used an accelerating voltage of 10kV at normal
electron beam incidence, which, according to estimates
made using the CASINO [13] program, corresponded to
the thickness of the signal generation region ~ 250nm.
Measurements carried out at five points on the surface of
each sample showed the component content for the non-
annealed film corresponding to X = 0.65; the composition
of the film after annealing was estimated as X = 0.67. No
foreign chemical elements were detected. The deviation of
the composition of the CdHgTe films determined by the
EDX method to a smaller side relative to the values of
X obtained by OT and in sifu ellipsometry is typical for
the applied technique [10]. This may be attributable to
the shallow penetration depth of the electron beam and an
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increase of the mercury concentration on the film surface
as a result of its oxidation. Qualitatively, the EDX data
confirmed the results of optical studies, which showed an
increase of X as a result of annealing.

Thus, as before in case of the film with x = 0.74 [12], the
XRD studies conducted in the framework of this paper did
not reveal significant changes in the crystalline perfection
of the CdHgTe, even after high-temperature (at 440°C)
annealing. At the same time, optical research data showed
an improvement (in the form of an increase of the sharpness
of the OT edge and a narrowing of the half-width of the PL
spectra) in the quality of the material, as well as a change
of X. It should be noted that according to the XRD data,
the studied films with X = 0.70 had higher crystal perfection
both before and after annealing compared to the film with
X =0.50 (see Table 2), while the film with x = 0.50 had
the best quality according to the OT (Figure 1,5) and PL
data (Figure 2). Thus, it is obvious that the effects observed
in the OT and PL experiments were mainly the result of
point defect diffusion rather than structural changes. The
key factor in the changes of optical properties here was
the annealing temperature, which is higher for films with
a large X, and the mercury out-diffusion process was the
main driving force. Indeed, experiments on annealing films
with X = 0.70 in the above-described mode of minimizing
the concentration of vacancies with a thin (50nm) layer of
HgTe deposited on the surface showed a shift in the edge of
the OT at T = 294K and the peak of the PL at T = 103K
at 10—15meV towards low energies, which was obviously
attributable to the reverse process, such as the diffusion of
mercury from HgTe into CdHgTe.

For CdHgTe grown by equilibrium methods (volumetric
growth and LPE), the manifestation in the optical properties
of the effect of a noticeable change in X as a result of annea-
ling is generally atypical of [14], while this effect has been
observed repeatedly for films grown by MBE and vapor-
phase epitaxy using organometallic compounds [14,15].
Most likely, it is associated with a significant initial
disordering of such materials. If in the material grown by
vapor-phase epitaxy using organometallic compounds, this
disorder is caused by a layered structure (alternating layers
of HgTe and CdTe during growth), then in films grown by
the MBE method, it can be explained by a large scale of
fluctuations in chemical composition. The diffusion of point
defects during annealing under such conditions significantly
changes optical properties, practically without affecting the
structural properties. These effects should be taken into
account when designing the appropriate structures: the key
attention during annealing should be paid to changes of
the optical properties of the material in the manufacture
of photodetectors (shift of the absorption edge, see, for
example, [15]), while in the manufacture of quantum-
well injection laser, to the chemical composition of the
barrier layer, which determines the electronic structure, and,
accordingly, the rate of Auger recombination [16].

The generation of acceptor states in the studied samples
as a result of annealing will be considered in the next study.

Conclusion

The structural and optical properties of Hg;_xCdyTe films
with a high (x = 0.5-0.7) CdTe content grown by molec-
ular beam epitaxy were studied using optical transmittance,
photoluminescence, X-ray diffraction, and energy dispersive
X-ray spectroscopy before and after thermal annealing.
The XRD studies did not reveal significant changes in the
crystalline perfection of the films after annealing, but optical
research data showed a significant improvement (in the form
of an increase of the sharpness of the OT edge and a
narrowing of the FWHM of the PL spectra) in the quality
of the material, as well as a change of its average chemical
composition. These effects are explained by the presence of
significant fluctuations in the chemical composition, which
determined the specifics of the diffusion of point defects
during annealing.
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