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A review of the specificity of the growth Hg{_,Cd,Te layers by molecular beam epi-
taxy (MBE) and results of experimental studies of several Hg_,Cd,Te layers grown on
CdyZn;_,Te (CZT) substrates are presented. It is well known that the performance of
Hg;_,CdxTe -based detectors strongly depends on the substrate material and its orientation.
CZT substrates are among the most commonly used due to their very good lattice match with
Hg;_,CdxTe absorber material with different Cd content. In the present work, the authors
focused on optimizing the MBE growth parameters in order to obtain the best possible crys-
talline quality of Hg;_,CdxTe layers grown on CZT substrates with (211)B orientation, in
particular in terms of minimizing the number of defects. Experimental results of the se-
lected structures showed that the obtained undoped Hgj_,Cd,Te layers of different x have
high crystallographic and optical quality, as well as good surface morphology. In particu-
lar, high-resolution X-ray diffraction (HRXRD) measurements and their analysis showed that
the best structure has a full width at half maximum of rocking curve (FWHMpg(c) as low
as 21.5 arcsec, and that the intensity distribution of diffraction peaks does not indicate the
influence of mosaicisity and dislocation density.

1. Introduction

ever, it requires a higher mercury flux compared to (111)B

HgCdTe is a ternary alloy semiconductor that crystallizes
in a zinc blende structure. Mixing alloys of two zinc blende
compounds: HgTe and CdTe can cover all important in-
frared (IR) ranges, that is from 1 pm to 30 pm, by changing
the ratio of Cd and Hg [1-3]. Furthermore, the lattice con-
stant of Hg;_,Cd, Te changes by only 0.3% throughout the
composition range, that is, from x = 0 to 1. The primary
substrate used to grow HgCdTe is semi-insulating (211)B
Cdg.96Zng 04 Te, with lattice matched. To align the lattice
with Hgp 7Cdp 3Te, 4% ZnTe is added to CdTe, facilitating
epitaxial growth without misfit dislocations. The IR trans-
parency of the CdZnTe substrate makes it ideal for growing
HgCdTe materials used in applications in a wide range of
IR. When grown on (211)B substrates, HgCdTe typically
exhibits a smooth, defect-free surface morphology. How-
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substrates to achieve stoichiometric growth [3-5]. Previous
substrates such as CdTe (111) and (100) resulted in epi-
layers with high densities of twins and hillocks [5]. The
(211)B orientation has a higher step density than the (111)
orientation, making it more resistant to dislocations and
twinning faults [3,5]. One major drawback of growing in
the orientation (211) B is the narrow temperature window
required for high-quality HgCdTe growth, which requires
precise control of substrate temperature to within + 5 °C.

2. MBE technology and substrates

The growths are performed in a Riber Compact 21 molec-
ular beam epitaxy (MBE) system equipped with a liquid
Hg source and a reflection high-energy electron diffrac-
tion (RHEED) system. HgCdTe growth is most commonly
performed using a binary source of CdTe, and elemental
Hg and Te. Basically, Hg evaporates and Cd sublimates as
single monomers, while Te sublimates as a Te, dimer.
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Using CdTe instead of elemental Cd provides better con-
trol over the alloy composition. CdTe sublimates con-
gruently as Cd and Te, species, while HgTe evaporates
incongruently due to the weak Hg—Te bond. This allows
for precise control over the growth rate and x-composition
of the Hg;_,Cd,Te epilayers. First, the Hg/Te flux ratios
must be optimized and in the authors’ case they were in
the range of 185-200. In this work, HgCdTe material epi-
layers were grown on 1cm x 1 cm Cdg 96Zng0sTe (211)B
substrates. Before being loaded into the MBE system, each
substrate must undergo chemical cleaning to eliminate dust
and residual contamination, followed by etching to remove
polishing damage. Chemical etching is performed with a
0.12% bromine methanol solution for 7 s to expose a fresh
CdZnTe surface. The etched wafer is dried in a stream of
ultrapure N; gas and then attached to the molybdenum (Mo)
holder using Ga—In eutectic. The surface quality of the sub-
strate is crucial for achieving high-quality HgCdTe epilayers
in subsequent growth. The goal of the present work was to
optimize the growth processes aiming to obtain high-quality
HgCdTe layers with an acceptable dislocation density [6,7].

First, the Mo holder with the substrate is transferred from
the loading chamber to the preparation chamber, where it
is heated under vacuum conditions for several minutes to
remove any HO present on the surface. Next, the holder
is moved to the growth chamber via the analysis chamber,
where the temperature is raised to 300 °C and maintained
for 10 to 15min. This high temperature thermally cleans
the substrate of any native oxides and excess Te, which
is always present on CdZnTe substrates after Br/methanol
etching, as Br preferentially etches Cd, leaving a Te-rich
surface. The thermal cleaning process is periodically moni-
tored using the RHEED screen. Initially, spots on the screen
indicate the presence of excess Te on the substrate surface.
As thermal cleaning progresses, a sharp streaky pattern de-
velops and the spots gradually disappear, leaving long, light
streaks. The substrate temperature is then reduced to the op-
timal growth temperature (175-185 °C in the authors’ case)
and stabilized, along with the cell temperatures. Growth
nucleation begins when the shutters are opened. During
nucleation, the RHEED pattern of the growing crystal is
closely monitored to optimize growth parameters. Mercury-
deficient growth during nucleation is indicated by spots on
the RHEED screen. The mercury flux can be adjusted by
controlling the cell temperature, and any mercury deficiency
can be compensated by increasing the mercury flux or low-
ering the substrate temperature. HgCdTe growth is main-
tained under optimal conditions through frequent in situ
observations of RHEED patterns and real-time monitoring
of substrate and cell temperatures. The desired x-value of
HgCdTe epilayers is achieved by selecting an appropriate
growth temperature and optimizing a beam equivalent pres-
sure (BEP) of the molecular beams. The BEP for all ma-
terials is determined by measuring the difference between
the beam pressure when the cell shutter is open and the
background pressure when the shutter is closed. This mea-
surement is taken before heating the mercury cell or starting
any growth, as high mercury pressure in the chamber makes
background flux measurements inaccurate once the mercury
cell is operational. After reaching the desired epilayer thick-
ness, all shutters are closed except for the Hg shutter. The

structure is then gradually cooled to approximately 80 °C
under mercury flux to prevent mercury desorption from the
surface of the epilayer at elevated temperatures, thus avoid-
ing the formation of mercury vacancies. Alternatively, a thin
Hg;_,Cd,Te capping/passivating layer with a high x value
can be grown on the surface of the HgCdTe epilayer to
prevent Hg desorption. The precise control of growth tem-
perature is crucial for the crystal quality of HgCdTe epitaxial
films. Therefore, the substrate temperature is meticulously
regulated by a proportional integral derivative (PID) feed-
back using a Ga-wetted thermocouple in direct contact with
the sample holder. The thermocouple was carefully cali-
brated at the melting points of indium and tin. The quality
of the obtained epilayers was evaluated using a number of
post-growth characterization techniques. These techniques
included high-resolution X-ray diffractometry (HRXRD),
Fourier transform infrared (FTIR) spectroscopy, and both
optical and confocal microscopy.

3. Results and discussion
3.1. HRXRD measurements

The crystal quality of the grown HgCdTe films is evalu-
ated using 2@ — w scans and the full-width at half maxi-
mum (FWHM) of the X-ray double-crystal rocking curve
(DCRC). For this purpose, all six structures discussed here
were examined by HRXRD - see Fig. 1. The same mea-
surement parameters were kept for all samples, that is the
step size and counting time equal to 0.0002°/s and 0.3s
for 20 — w scans and 0.0002°/s and 0.1 s for w-RC scans,
respectively.

The scans were performed in the triple-axis configura-
tion, adjusting to the substrate in a symmetrical scan 422. In
each diffractogram, two distinct diffraction peaks are appar-
ent. For all structures studied, the peaks originating from
the CdZnTe substrate exhibit the highest intensity, while
those from the CdHgTe layer display a lower intensity. For
peaks from both the substrate and mercury cadmium tel-
luride (MCT) layer, the lattice constant and FWHM were
determined. Using Panalytical ’Amass’ program, numeri-
cal simulations were conducted to ascertain the composi-
tion and thicknesses of the layers. The values are given in
Tables | and 2.

Figure 1 illustrates the 20 — w XRD scan for all the stud-
ied structures. The visible peak from the CdZnTe substrate
was recorded at a position of about 71.5°. Peaks from the
HgCdTe layers were also observed nearby. The measured
range of the FWHM»g_,, of the HgCdTe is between 39
and 123 arcsec and the Cd contents determined from the
simulation of the HRXRD measurements for investigated
structures are presented in Table 1. Based on the thickness
fringes seen for Structures 1, 2, and Structure 4, layer thick-
ness was determined using Amass software and summarised
in Table 2. The authors have analysed the strain relaxation
of thin HgCdTe structures using a 2-dimensional (2D) recip-
rocal space mapping of XRD. This technique has recently
become a powerful tool for strain and structural characteri-
zation of epilayers and heterostructures [8—12]. Triple-axis
diffractometry, being non-destructive, provides highly pre-
cise measurements of strain and dislocation densities over
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Fig. 1. 20 — w X-ray diffraction scan for Structures 1-6.

Table 1
XRD results for epitaxially grown Hg_CdxTe on Zn;_,,Cd, Te
(211)B substrates.

Structure Material 20(°) 20 — w | Alloy
name FWHM | comp.
(arcsec) | X,y
Structure 1 Zn)_yCdyTe | 71.4714 25.7 0.96
(E016Z23) | Hg1—_,CdxTe | 71.5089 39.7 0.26
Structure 2 Zn;_,CdyTe | 71.4731 39.3 0.96
(E013Z223) | Hg1_,Cd,Te | 71.4543 76.9 0.37
Structure 3 Zn;_,CdyTe | 71.4694 29.5 0.96
(E092723) | Hg1—_,Cd,Te | 71.5284 122.8 0.21
Structure 4 Zn;_,CdyTe | 71.4808 34.7 0.96
(E085Z23) | Hgi_,CdxTe | 71.5289 57.2 0.24
Structure 5 Zn;_,CdyTe | 71.4789 324 0.96
(E074Z23) | Hg1-,Cd,Te | 71.5312 69.9 0.23
Structure 6 Zn;_,CdyTe | 71.4694 37.2 0.96
(E061Z223) | Hg1_,CdxTe | 71.5392 120.5 0.22

large sample areas. Recent advancements have enabled this
method to extract detailed information on defects, dislo-
cation densities in strain-relaxed heterostructures, and the
static distribution of microdefects by analysing the diffuse
scattering around coherent Bragg reflection peaks in recip-
rocal space [6]. Furthermore, the scope of X-ray measure-
ments was expanded to encompass a reciprocal space map
(RSM). These mapping procedures were conducted using
symmetric reflection 422 and asymmetric reflection 115
(see Figs. 2 and 3). RSM data were carried out in coplanar
geometry, conducting a 20 — w relative scan. Each step
in the scan had time per step equal to 10s, with a step
size of 0.0008 for w and 0.01 for 20. RSM coordinates
are displayed in A~! units for both Q, and Q, coordinates.

The asymmetric (115) maps show that all the MCT lay-
ers are perfectly aligned with the substrate, which means
that they are almost completely strained against it. By
analysing the shapes of the reciprocal space points, struc-
tural features such as mosaics and diffuse scattering can
be observed [0, 13—-15]. RSM obtained for Structures 1
and 2 show features of diffusive scattering. RSM obtained
for Structure 2 [Fig. 2(b)] confirmed its outstanding crystal
quality. Based on the angular positions of the reciprocal
space points, a lattice mismatch was calculated, which was
225 ppm, —453 ppm, —886 ppm, —635 ppm, —594 ppm, and
—726 ppm for Structures 1-6. This indicates the presence of
compressive strain in Structure 2 and tensile strain in oth-
ers [16]. The reciprocal lattice points coming from both the
substrate and the layer for the Structure 2 are quite narrow
in both the Q, and Q, directions. They lie in the range of
-0.02 A' < 0, > 002 A" and -0.02 A7 < Q. >
0.02 A='. Minimal diffuse scattering is apparent, con-
firming the good quality of this structure. Furthermore,
a crystal truncation rod (CTR) is visible, as well as fringes.
This falls within the range of -0.02 A~! < 0, > 0.02 A~!
and —0.015 A~! < 0, > 0.015 A~!. The largest diffu-
sion scattering occurs for Structure 5. It is in the range of
—0.032 A" < 0, >0.032A " and -0015A"' < Q, >
0.015 A~! as can be seen in Fig. 2(e) [17].

This contrasts significantly with Structures 5, 4, and 3,
where observable features include diffuse scattering and mo-
saic characteristics. Unlike the previously discussed struc-
tures, in this case there are no visible CTRs or fringes. The
diffuse scattering is prominent in both directions and dimin-
ishes within the ranges of -0.001 A~! < 0, >0.013 A~!
and —0.009 A~! < 0, > 0.006 A-! for Structure5,
-0.003 A= < 0, > 0.003 A~! and -0.002 A~! < 0, >
0.002 A~! for Structure 4 and for Structure 3-0.005 A~! <
Q. >0.006 A~! and -0.002 A~! < Q. > 0.004 A~'. Mo-
saicity was computed on the basis of methodology described
in [6,13] , and the values are given in Table 2.
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Fig. 2. Reciprocal space map obtained by using symmetric 422 reflection for Structures 1 to 6, (a) to (f), respectively.
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The results indicate that the HgCdTe films exhibit good
crystalline quality, with no significant dislocation prolifera-
tion in the HgCdTe epitaxial layer compared to the substrate.

3.2. Surface macrodefects

MBE-grown structures are inspected using optical mi-
croscopy immediately after unloading from the MBE sys-
tem. The Nomarski contrast imaging mode is employed
due to its high resolution and clarity compared to other
imaging modes for thin-film structures [18]. The surface
macrodefects of HgCdTe films can be categorized into two

types: those related to suboptimal growth conditions, such
as growth temperature and flux ratio, and those related to the
surface condition of the polished Cd,Zn;_,Te (CZT) sub-
strate. Macrodefects arising from growth conditions can be
effectively eliminated by precisely controlling the growth
temperature and adjusting the Hg/Te flux ratio. Conse-
quently, the remaining surface macrodefects primarily orig-
inate from surface imperfections in the CZT(211)B substrate
after polishing or corrosion. Nomarski microscopy, using
interferometry, allows the observation of subtle changes in
the height or refractive index of the structure, providing
high resolution and contrast compared to other imaging
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Fig. 4. Nomarski optical micrographs of the surface morphology of HgCdTe films for Structures 2—6.

techniques, used for thin-film characterization [19]. Images
of the layers surface show defects that change in individual
structures. Inthe case of Structure 2, there are visible defects
on the surface, but its root mean square (RMS) roughness in
clean areas is equal to 16.45 nm [Fig. 4(b)]. Structures 5 and
6 have higher roughness, but are free of significant surface
defects visible by optical microscopy. On the other hand,
Structures 4 and 3 have low roughness, in addition, there are
lines visible on the surface of Structure 4 [Fig. 4(d)] in the
image at approximately x1250 and Structure 6 [Fig. 4(f)].
Crosshatched patterns, consisting of crossed lines at 44-
to 45-degree angles, are typically found on the surfaces
of MBE-grown HgCdTe epilayers of relatively high qual-
ity, with low densities of micro or macrodefects on (211)B
CdZnTe bulk substrates [20]. Figure 5 shows the character-
istic crosshatched pattern of HgCdTe grown by MBE on a
(211)B CdZnTe substrate for Structure 6. The hatch pattern
on the surface of (211) B includes three sets of lines parallel
to the [232], [213], [011], and [130] directions. The lines
on Structure 4 are much more subtle.

3.3. FTIR measurements

Optical transmission experiments were used to determine
the HgCdTe layers composition. This involved measuring
spectra across a wide wavelength range on both sides of the
absorption bandgap edge, utilizing a FTIR spectrometer.
For this purpose the Vertex 80 Bruker FTIR spectrometer
was used. Due to the high transparency of the CdZnTe
substrate up to a wavelength of 30 pm, most IR radiation
reaches the HgCdTe epilayer in backside illuminated struc-
tures, although some losses occur due to reflection at the
substrate interface [6]. The measurements were made in the
medium infrared range (500-8000 cm™!), in transmission
mode, at room temperature. It is clearly visible in Fig. 6,
that the optical properties (transmittance level) change de-
pending on the wavelength. The absorption coefficient was
determined from transmission spectra using the equation:
a=-éln(T), where « is the absorption coefficient, d is the
thickness of the thin film, T is the transmission. The thick-

Fig. 5. Surface morphology and defects of HgCdTe films for
Structure 6 (sized 100 pm x 100 pm). A well-defined sur-
face crosshatch pattern resulting from the growth modula-
tion caused by the lattice mismatch between HgCdTe fims
and CZT(211)B substrate is observed.

ness of the HgCdTe films was determined by a side-view
scanning electron microscopy (SEM) and the values are
given in Table 2. The magnitude of absorption coefficient
is high and for all six studied structures, it is of the order
of 10* cm~!. The results of optical measurements were
used to determine the E, for each sample. It is known that
the absorption coefficient increases sharply with photon en-
ergy beyond the fundamental absorption edge. To obtain
the electronic bandgap of samples, the square of the absorp-
tion coefficient was calculated. The o of all six studied
structures as a function of energy is shown in Fig. 6. The
linear fit of curve allows to obtain the value of E,, which
are presented in Table 2. The lowest values were recorded
for Structure 6 (E, =0.164¢V), Structure5 (Eg =184¢V),
Structure 3 (Eg =0.186€V), Structure 4 (Eg =0.2eV). The
highest values were noted for Structure 1 (E, =0.237€V)
and Structure 2 (E; =0.307€V).
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Table 2
Quantitative comparison of Hgj_, CdTe epitaxially grown on CdZnTe (211)B substrates.
Structure | Ty, |Factor| Factor | Epilayer | Epilayer | Eg — | Rocking | Thickness | Thickness |Dislocation | Mosaicity
name (°C) | Cd/Te | Hg/Te | x — value | x — value | value curve of epilayer | of epilayer denzsity 5 (x1079)
XRD FTIR | FTIR | FWHM | XRD (pm) | SEM (pm) |(cm™")x10
(eV) (arcsec)
Structure 1
1 071 | 187 2 2 237 21. 1.07 1. 1. -
(E016723) 85 | 0.0 8 0.26 0.25 0.23 5 0 08 35
Structure 2
185 | 0.079 | 151 0.37 0.31 0.307 27.1 0.53 0.6 1.97 -
(E013Z723)
Structure 3
175 | 0.057 | 185 0.21 0.21 0.186 57.8 - 0.82 3.58 0.56
(E092723)
Structure 4
180 | 0.055 | 187 0.24 0.23 0.200 58.2 0.66 0.67 1.99 0.41
(E085Z723)
Structure 5
185 | 0.043 | 172 0.23 0.21 0.184 309.2 - 2.5 2.96 134.84
(E074Z723)
Structure 6
185 | 0.056 | 200 0.195 0.20 0.164 327.0 - 1.6 3.89 4.88
(E061Z723)
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Fig. 6. Room-temperature absorption alfa square coefficient spectra measured using the FTIR transmission technique for Structures 1-6.

Optical transmission spectra in a wavelength near the
energy gap are used also to estimate the x value of
Hgi_xCd,Te. When the value of E, is known, it is pos-
sible to determine the value of x based on the relation-
ship between the bandgap position and the Cd concentra-
tion in the Hg;_,Cd,Te [21]. The most widely used ex-
pression approximating E,(x,T) due to Hansen et al. [22]:
Eg = —0.302+1.93x-0.81x%+0.832x3+5.35x107* (1-2x)T
was used to supplementary verification of determined val-
ues. The slight deviations of E values have been observed,
but it was not exceeding 0.02eV in each sample. Struc-
ture 6 has the smallest concentration of x=0.2; Structure 2
has the highest concentration with x=0.31. In most cases,
the composition determined by the optical spectroscopy and
XRD measurements is similar. The largest discrepancy at

the level of 6% was recorded for Structure2. The differ-
ences may result from many factors like: XRD analyses the
crystalline structure, while transmittance studies the opti-
cal properties of the material, the presence of defects and
heterogeneity, or the influence of the Fermi level position
which can cause a shift of the apparent absorption edge to
shorter wavelengths. It is worth noting that the additional
IR bands and noise present in the spectrum of Structure 5
and Structure 6 come from the vibrations of atmospheric
molecules (H,O and COy).

4. Conclusions

The objective of this work was to improve the crystalline
and optical quality of the Hg;_,Cd,Te layers by adjusting
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the MBE growth parameters. For this purpose, the authors
characterized the effects of the Hg/Te flux ratio and substrate
temperature on the structural properties of Hg;_,Cd,Te,
producing a series of structures that were grown with Hg/Te
flux ratios between 185-200 and substrate temperature be-
tween 175-185 °C. Structural and optical characterization
was conducted using various analysis techniques, such as
XRD rocking curves, FTIR spectroscopy, optical and con-
focal microscopy, and XRD reciprocal space mapping.
These methods provided valuable insight into growth qual-
ity, thicknesses, and dislocation density, which are crucial
for simulating the optical and device properties of these ma-
terials. A Panalytical Empyrean system, equipped with an
analyser crystal for high-resolution studies, was employed
to examine the XRD in all structures, enabling extensive
rocking curve and reciprocal space mapping. A hybrid
monochromator was used to measure the triple-axis rock-
ing curves around the primary symmetric reflections of the
(422) peaks in the (211)-oriented structures. The minimum
value of FWHMpg¢ of HgCdTe is 21.5 arcsec, and the dis-
location density is about 1.35 x 10° cm™~2, which indicates
the growth of high-quality material. 2D-RSMs around the
(422) reciprocal lattice points directly reveal the strain status
of the structure layer. All grown structures were found to
be under tensile in-plane biaxial strain. Characterizing the
surface morphology and related surface defects of MBE-
grown structures is crucial because they reflect the crystal
growth mechanism during MBE growth. The epilayer sur-
face morphology was influenced by the growth temperature,
as shown in Fig. 4(b)—(f), which presents surface images of
Hg;_,Cd,Te epilayers grown at different temperatures, ob-
served via Nomarski optical microscopy. It is clear that the
optimal growth temperature lies within the lower temper-
ature range, as increasing the growth temperature leads to
surface hillock formation and increased surface roughness.
Figures 4(c) and (d) indicate good surface quality for epilay-
ers grown at 175 °C, whereas higher growth temperatures
resulted in gradually deteriorating surface morphology, de-
spite a constant II/VI flux ratio. The value and variation
of the composition x are probably the most important pa-
rameter in detector grade. The authors have studied the IR
transmission method to determine the Hg_,Cd, Te layers
composition. In most cases, the composition determined by
the optical spectroscopy and XRD measurements is similar.
The largest discrepancy at the level of 6% was recorded for
Structure 2. The differences may result from many factors
like: XRD analyses the crystalline structure, while trans-
mittance studies the optical properties of the material, the
presence of defects and heterogeneity, or the influence of
the Fermi level position which can cause a shift of the ap-
parent absorption edge to shorter wavelengths. In summary,
structures with good surface morphology, good crystalline
structure, and dislocation density are consistently achieved,
and run-to-run reproducibility is very good.
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