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ABSTRACT

We undertook a detailed investigation of the structural- and optical-properties of CdTe- and Cd;.,Mn,Te-semiconductor
films deposited by close-spaced vacuum sublimation using thermal evaporation on non-oriented substrates. From our
structural- and phase-analysis of the layers, we obtained information on their structure, deformations, grain size, and
content of dislocations for films deposited at different substrate temperatures. We considered that despite the presence of
defects in the crystals, the films offer promise for fabrication into x-ray detectors.
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INTRODUCTION

High-resistivity CdTe single crystals are used widely as detectors for hard X-ray radiation [1-2]. Recently, CdTe-based
solid solutions (Cd;.4Zn,Te and Cd; ,Mn,Te) were deemed as more promising materials for such detectors than chlorine-
doped CdTe crystals. Moreover, Cd;,Mn,Te solid solution has several significant advantages over Cd;Zn,Te, namely a
low segregation coefficient (k = 1) for Mn, and high sensitivity of the band-gap (BG) value to the doping rate. For
example, it is about 13 meV per 1 at.% of Mn, whereas for Cd,.,Zn,Te it is only 6.7 meV per 1 at.% of Zn. Furthermore,
doping the CdTe with about 6% of Mn, such that the concentration of the dopant is two times lower than for Zn in CZT,
yields solid solutions with a band-gap width, E, up to 1.60 eV and a resistivity of 10'°-10"* Om-cm. Also, the value of
the product of the mobility and free-carrier lifetime, xz, remains reasonably high. In addition, there is a lower probability
of twins and Te precipitates compared with other detector materials [3-4].

To reduce the cost of detectors, others have proposed using thick (up to 100 um) epitaxial- or polycrystalline-films rather
than expensive CdTe single crystals [5-6]. While Cd;,Mn,Te films also might be promising as a detector material, the
properties of thick compound- and ternary-films have not been well studied.

In comparison with our information of the properties of Cd;.,Mn,Te single crystals [7-10], there is a dearth of data on
Cd;4Mn,Te films. This lack might be attributed to the complexity of depositing the films due to the significant
difference in vapor pressure of the components. Therefore, in most cases, for obtaining Cdy,Mn,Te films, laser
deposition, flash evaporation, and magnetron sputtering are used [11-13]; therein, highly non-equilibrium conditions are
typical, so leading to films of low quality that are unsurprisingly inadequate for high-performance radiation-detection
devices.

The aim of our work was to detail the influence of growth conditions on the chemical composition, structural- and
optical-properties of CdTe and Cd,,Mn,Te films obtained by closed-space vacuum sublimation (CSVS) [14].

EXPERIMENTAL METHODS

Thin CdTe films and Cd;xMn,Te films (d = 0.5-5 um) were deposited on cleaned glass substrates by the CSVS method
in a vacuum chamber under a residual gas pressure of about 6-:10° Pa. We note that thin films were used for our optical
studies, and thick layered ones for our structural analyses. To deposit CdTe films, we used various substrate
temperatures, T, ranging from 20- to 550- °C and an evaporator temperature, T, of 620 °C. The Cd...Mn,Te was
deposited by evaporating the Cdy;MngsTe powder and co-evaporating the CdTe and Mn powders. To prevent re-
evaporation, the substrate temperature at which we deposited the thin films from the Cdy;MnysTe powder was 150 °C,
while the evaporator temperature ranged from 650- to 850-°C. For co-evaporating CdTe and Mn, the substrate



temperature was raised from 350- to 550-°C, and the Mn- and CdTe- source temperatures, respectively, were 850 °C and
700 °C. We studied the films’ surface morphology by scanning electron microscopy (SEM). The average grain size (D)
was determined by the Jeffries method [15], while the thickness of the films was measured by the interference method
and from the SEM images of their cross-section.

The structural analysis of the thin films was carried out with a DRON 4-07 X-ray diffractometer using a Ni-filtered K¢,
radiation source in the range of diffraction angles 260 from 20° to 80°, where 20 is the Bragg angle.

Phase analysis was undertaken via comparisons of the interplane distances and relative intensities of the films and the
JCPDS reference data [16]. To determine the precise values of the lattice parameter, we used the Nelson-Riley
extrapolation method [17-19].

We also employed the X-ray diffraction method in determining the size (L) of the coherent scattering domain (CSD) and
the level of micro-deformations (&) in CdTe films with respect to the broadening of the diffraction peaks. Cauchy- and
Gauss-approximations were used to separate physical broadening of the diffraction lines, £, and tool broadening b. We
applied the Hall approximation to separate the contributions to physical broadening caused by the dispersive CSD g, and
micro-deformation S, To assure more accurate L and ¢ values, we used the three-fold convolution method. The mean
dislocation density was calculated according to the micro-deformation level and CSD size following a method described
by others [19-20]. We previously detailed our methods of analyzing the X-ray data [14, 21-22].

The samples’ chemical compositions were studied by energy dispersive X-ray (EDAX) and proton-induced X-ray
emission (PIXIE) methods, the experimental procedures for which were described in Refs. [21, 23-24].

The spectral dependencies of the reflection R(4) and transmission T(A) coefficients were measured by the SF-26
spectrophotometer in the wavelength A range from 700- to 1000-nm. The adsorption coefficient of Cd; ,Mn,Te and CdTe

_R)2 R4
were calculated according to following equation a=-£ln 1 _&Jr &JFRZ [7,25].
d |R? 2T 472

RESULTS AND DISCUSSION

Figs. 1a and b, respectively, show the surface SEM image of a Cd,.xMn,Te- and a CdTe-film. We determined that the
growth mechanism of the films changes with increasing temperature. We observed the layer-by-layer growth of the fine-
grained films obtained at a low substrate temperature T;<1/3 T,, (where T, is the melting point).

In contrast, films obtained at higher substrate temperatures have a column-like structure; the diameter of the columnar
grains depends on the growth conditions and films’ thickness (I) [14]. Furthermore, the size of the grains (D) increases
with T, and d; for example, thick CdTe films obtained at T, = 620 °C and T, = 550 °C have a D = 70 um (Fig. Lb)
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Figure 1. Surface SEM images of the films: (a) Cd,.,Mn,Te film obtained at T, = 800 °C and T, = 525 °C, (b) CdyxMn,Te film
obtained at T, = 800 °C and T, = 550 °C (c) CdTe obtained at T, = 620 °C and T, = 550 °C, (d) CdTe obtained at T, = 620 °C and
T, =500 °C and (e) cross-section of the CdTe film.



Traces of the hexagonal phase were detected in films obtained at T, < 200-250 °C, whereas CdTe films deposited at
higher substrate temperature (Ts= 300-550 °C) were cubic single phase.

Table 1 lists the values of the L and ¢ calculated for the CdTe films. The structural parameters calculated by the Gauss-
and Cauchy-approximation are in good agreement. However, these methods allow us to determine only maximal values
of the CSD sizes, L, and the minimal values of the micro-deformations, €. More accurate calculations are provided by the
three-fold convolution method [20-22], the results of which also are given in Table 1. We note that we carried out further
calculations of the dislocation density according to the L and & values assessed by the fold-convolution method.

Table 1. Sub-structural parameters of the CdTe films calculated according to different approximations for (111)-(222) planes.

Ts, YOC L, nm «10° Ple 10'14,
Approximation by From Approximation by From lin/m?
Gauss | Cauchy | convolution Gauss | Cauchy | convolution
CdTe
150 60.6 64.5 61.0 1.11 1.22 1.07 7.0
250 64.5 74.5 64.9 0.94 0.74 0.64 4.0
350 85.7 99.1 86.7 0.88 0.23 0.65 3.0
425 74.8 86.6 75.3 0.87 0.30 0.71 3.8
450 72.3 81.5 72.9 0.93 0.22 0.68 3.7
550 56.6 51.2 56.9 1.02 0.75 0.69 49

Our analysis of the results for CdTe films shows that the SDS size along the direction normal to the (111) plane is
maximal L11)~87 nm at 350 %C. The micro-deformation level monotonically decreases with substrate temperature from
1.10-10° to 0.68-10°. A low incidence of dislocations p, = 3.0-7.0-10™ lin/m? is typical for all samples, wherein the
minimal value (p.,=3.0-10™ lin/m?) corresponds to the 350 °C substrate temperature.

The chemical composition of the CdTe thin films was close to stoichiometric with Ccy/Cr. = 0.98-1.01 (Table 2);
moreover(,) the deviation from stoichiometry declines monotonically with rising substrate temperature for temperatures
over 500 “C.

Table 2. Chemical composition of the CdTe and Cd;_,Mn,Te films

Ts, Te, TeMn wt. % wt. % wt. % at. % at. % at. % CCd/CTe CCd+Mn/CTe Notes
°c °C °c Cd Mn Te Cd Mn Te
CdTe (EDAX)

425 | 620 - 46.4 0 53.6 49.6 0 50.4 0.98
450 | 620 - 47.4 0 53.6 49.6 0 50.4 0.98
475 | 620 - 46.4 0 53.6 49.6 0 50.4 0.98
500 | 620 - 46.4 0 53.6 49.6 0 50.4 0.98
525 | 620 - 47.0 0 53.0 50.2 0 49.8 1.01
550 | 620 - 46.9 0 53.2 50.0 0 50.0 1.00

Cd,_.Mn,Te (PIXE)
450 | 800 - 45.0 0 55.0 48.2 0 51.8 0.93 Powder of
450 | 850 - 46.0 0 54.0 49.2 0 50.8 0.97 CdyMn,Te
350 | 620 850 28.0 11.7 60.4 26.6 | 22.8 | 506 0.53 0.98 Reg. 1
350 | 620 850 27.0 11.6 61.4 258 | 22.6 | 51.6 0.50 0.94 Reg. 2
450 | 620 900 45.3 0.5 54.2 482 | 10 | 508 0.95 0.97
500 | 620 900 34.7 6.9 58.4 346 | 141 | 51.3 0.68 0.95
550 | 620 900 43.3 1.6 55.1 455 | 34 | 51.0 0.89 0.96

Accordingly, we conclude that thick CdTe films obtained at T, > 350 °C are suitable for developing X-ray detectors,
since the grain size therein is much more than the free carrier’s drift length; also, these films have single-phase crystal
structure and low concentration of dislocations.




The X-ray analysis of the Cd;_,Mn,Te crystals shows that the main structure peculiarities of the ternary films are similar
to those of CdTe films. However, the lattice parameter of the Cd,_,Mn,Te films was somewhat more than in CdTe films;
also, the Cd,_,Mn,Te films have a lesser grain size D = (3-5) um than the CdTe layers.

As the accuracy of the EDAX and PIXE methods is about 3-5%, we determined the concentration of Mn according to the
relation between band-gap (BG) energy and dopant concentration. To study changes in the BG energy with the
conditions under which the films were grown, we analyzed the samples’ optical properties.

Figure 2 shows the spectral dependencies of the reflection R(A)- and transmission T(A1)-coefficients measured for the
Cd;_xMn,Te and CdTe films; pure CdTe films were used as reference samples.
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Figure 2. Transmission spectra (a) of the Cd,_,Mn,Te films, obtained at T, = 150 °C and different T, (°C): 650 (1), 700 (2), 750
(3), 800 (4); reflection spectra (b) T, = 750 °C. Transmission- (c) and reflection-spectra (d) of the CdTe thin films - T, = 620 °C;
T,, °C: 200 (1), 300 (2), and 400 (3).

We determined that at a wavelength more than A ~ (720-730) nm, there is a substantial increase in the transmission
coefficient (see Fig. 2a); in some cases, the increase was 50-60%. The spectral dependencies of the R(1) and T(A) show
an interference minimum and maximum that could be explained by the thinness of the films | < 1.2 pum.

The absorption coefficient of the Cd,_,Mn,Tefilms measured for the energy range above the CdTe’s BG was a = (1-
5)-10* cm™. These values are close to absorption coefficient of the pure CdTe thin films « = (2-5)-10* cm™.

We determined the energy of the BGs of the Cd;_Mn,Te and CdTe films from the (ahv)® —hv dependencies (Fig. 3)

[25], establishing that it was about 1.5 eV, whereas the Ej of the Cd,_Mn,Te films varied from 1.46 to 1.57 eV (see
Table 3). Then, we used these experimentally determined Ej values to calculate the concentration of Mn in the Cdy_
«Mn,Te according to concentration dependencies of the BG energy (Egs. 1 and 2) given in reference [26].
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Figure 3. Determination of the BG energy of (a) Cd;.«Mn,Te and (b) CdTe. The solid solution thin-films obtained from the Cd,.
Mn,Te powder at T,=150 °C and different values of T, (°C): (a) 650 (1), 750 (3), 800 (4); and (b) CdTe thin films - T, = 620 °C;
T, (°C): 200 (1), 300 (2), 400 (3).
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Table 3. BG energy and Mn concentration of the Cd,.,Mn,Te films obtained under different growth conditions; x; and x,

concentrations were calculated according to Eq. 1 and Eq. 2 [26], respectively.

Sample T, °C T, °C Eg eV X1 X
1 650 150 1.456 -0.002 0.002
2 700 150 1.480 0.017 0.020
3 750 150 1.561 0.079 0.081
4 800 150 1.565 0.082 0.084

E, =1,458+1,303x,

E, =1453+134x.
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As Table 3 shows, the Mn concentration in thin films obtained by the evaporation of the Cdy;MngsTe powder is very
low (x = 0.02-0.08), viz., much lower than the desired Mn concentration (5-6 %) for Cd,_,Mn,Te bulk detectors. Hence,
in order to obtain Cd,.,Mn,Te films with higher Mn concentration, we co-evaporated CdTe and Mn. Fig. 4 shows the X-
ray patterns of the Cd;.,Mn,Te films deposited by the co-evaporation of the CdTe and Mn. From our structural analysis,
we concluded that samples obtained at T, < 500 °c correspond to the Cd;.«Mn,Te solid solution with different Mn
concentrations and cubic crystal structures. We note that a reflection from (631) Mn crystal plane was detected on the
XRD pattern measured for sample deposited at T, = 350 °C; we account for it by the formation of Mn precipitates. Thin
films obtained at T, = 550 °C have high concentration of hexagonal MnTe precipitates (Fig. 4b), while samples deposited
at intermediate substrate temperatures, contain a mixture of Cd;.4Mn,Te- and MnTe-phases.
The Mn concentration in the films obtained by the co-evaporation of the CdTe and Mn was up to 23 at.%, and ratio

Cca+mn/Cre ranged from 0.94 to 0.98 (Table 2). The average grain size was about 5 pm.
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Figure 4. XRD patterns of the films obtained at different T, (°C): 350 (1), 400 (2), 450 (3), 500 (4) and 550 (5).

CONCLUSIONS

We determined that CdTe films obtained at T, > (200-250) °C have a single-phase cubic structure. At lower substrate
temperature, we observed traces of the hexagonal phase. The CdTe films have large grain sizes (D = 50-100) pm,
coherent scattering-domain sizes L = (56-87) nm, a low rate of micro-deformation (¢ = 0.64-1.07), and a low
concentration of dislocations ((3.0-7.0)-10™* lin/m?). From the high crystal quality of these films, we consider them as
promising materials for X-ray detectors.

The analysis of the transmission R(Z) and reflection spectra T(Z) of the films allowed us to determine the band-gap
energy (CdTe - E; = 1.50 eV, Cd,Mn,Te - Ey= (1.46-1.57) eV. The Mn concentration estimated with the help of the
reference data for the films obtained from the Cd,;Mng3Te powder was x = 0.02-0.08.

The Mn concentration in the films obtained by the co-evaporation of CdTe and Mn depend on the growth conditions and
varied from 0.98 to 25.76 at. %.
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