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ZnTe doped with different concentrations of Molybdenum (Mo) thin films were prepared by e- beam
evaporation method and the effect of doping on Optical and Structural properties of the thin films were
studied. XRD results confirmed the doping of Mo through its signature peaks at 27.6° for MoTe; (011)
and 38.40° for Mo (220) along with the ZnTe (111) peak at 25.3°. AFM images indicated the
crystalline nature of ZnTe:Mo. The optical response observed through UV-VIS spectrometer revealed
the transmittance was decreased from 50% (undoped) to 8% (doped with 25wt%). Similarly, the
optical energy gap was also decreased from 2.27eV (undoped) to 1.7eV (doped with 25wt%). The
results of the present study elucidate that ZnTe:Mo thin films can be considered as a good back
contacts for photovoltaic (PV) applications, optical devices in general and CdTe based thin films solar
cells in particular.
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1. INTRODUCTION

The 11-VI compound semiconductors are known for their wide direct band gaps, and for their
optical and electrical properties. This makes them important class of materials and competing
candidates for silicon and other materials in PV conversion and optoelectronic applications [1].
Amongst the semi-conductors, ZnTe has been of great interest due its low cost and high optical
absorption co-efficient best suitable candidate for PV applications [2]. It has been reported that, ZnTe
exhibits improved photorefractive response when it is doped with Vanadium [3], ZnTe thin films
showed increase in conductivity after doping with Ag [4]. Similarly, ZnTe material when doped with
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Ti, Cr and Mn shifted the absorption spectrum and reflection to the infrared spectral domain or to the
ultra violet region, depending on the nature of the dopant [1], the absorbance spectra of the ZnTe and
Cr doped ZnTe revealed that all the films show more absorbance in ultraviolet region corresponding to
200-500 nm spectral regions [5] and the optical band gap of In doped with ZnTe decreased to 2.06 eV
at 293 K compared with 2.26 eV for undoped semiconducting ZnTe [6].

One of the most important applications of ZnTe is high efficiency stable electrical back
contacts for CdTe based solar cells [7]. The study around this has been gaining interest in the recent
past and back contacts like Copper doped ZnTe [8], nitrogen doped ZnTe [9] and Sodium doped ZnTe
[10] for CdTe based solar cells. However, these suffer with few limitations. Materials like Cu when it
is doped with ZnTe (depending upon dopant concentration) the Cu atoms diffuse into ZnTe and
thereby there could be an abrupt increase in the conductivity leading to short circuit current in
photovoltaic device otherwise Cu being metal and ZnTe being semi-conductor there could be
development of Schottky barrier which could restrict the flow of charge carriers [11]. Prime challenges
in selecting the back contacts for thin film solar cells are; i. the establishment of good electrical
conductivity ii. Efficient optical absorption or reflection, negligible transmittance in the back contact
layer and iii. Matching of the work function (¢) of the material between the semiconductor layer and a
metal contact [12]. Therefore, in the present work, ZnTe was doped with Mo, considering its excellent
optical and electrical properties.

2. EXPERIMENTAL PART

ZnTe and Mo (99.99% pure; Sigma Aldrich, USA) were mixed together using pestle and
mortar thoroughly. The percentage of composition of the starting materials in the evaporant mixture
was determined as [13].

W,
— Mo x 100%
Wyo + W

nTe

Weight % Mo =

where, Wy, and Wz, e are the weights of Molybdenum and Zinc Telluride, respectively. The
composite of ZnTe:Mo for different composition namely 5wt%, 15wt% and 25wt% of Mo were used
as source material for the preparation of thin films. The films were prepared on glass substrate by
electron bombardment heating technique using a vacuum coating unit (Hind High Vacuum coating unit
12A4D). The source-substrate distance was maintained at 13.5 cm. Rotary drive was used to obtain the
uniform coating. All the films were prepared at high vacuum (=107torr) and rate of evaporation was
maintained at 5 A°sec. The thickness of the films was maintained at 200 nm. All the films were
annealed at 200°C for 3 hours in air for proper diffusion of Mo into ZnTe thin films.

Prepared samples were characterized using XRD-7000 Shimadzu X-ray diffractometer with Cu
Ko radiation having a wavelength of 1.5406A as the X-ray source. The morphological studies were
carried out using A-100-AFM, APE Research, Italy. Optical properties were studied using Ocean
optics HR4000 UV-Vis spectrophotometer.
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3. RESULTS AND DISCUSSION

3.1 Structural study

The structure of as-deposited and ZnTe:Mo thin films of different composition of Mo were
analysed by X-ray diffraction technique as shown in fig.1. In as-deposited ZnTe film, only one
prominent peak was observed at 20 values of 25.3° preferably oriented along (111) planes. 5wt% Mo
film showed the same peak with 2 peaks of Mo at 27.6° MoTe, (011) and 38.4° Mo (220) confirming
the doping of Mo[JCPDS File No. 01-071-0117] [14]. ZnTe:Mo thin film doped with 15wt% of Mo
concentration showed six peaks at 20 values of 25.3°, 27.6°, 38.4°, 40.6°, 42.2°, 49.6° these peaks
correspond to (111), (011), Mo (220), Mo (310), (220), (311) respectively. ZnTe:Mo thin film doped
with 25wt% showed a prominent peak of Mo instead of ZnTe. In the 25wt% of Mo doping, the
molybdenum concentration increased abruptly causing segregation of phases [15, 16, 17]. This can be
attributed to the higher concentration of Mo in the Mo-ZnTe mixture. ZnTe and Mo both show cubic
structure are compared with JCPDS cards [(75-2085), (01-1208)]. The extra peaks in the XRD results
confirm the blend of Mo into ZnTe. Also, the transition metal ion has an incompletely filled 3d shell of
electrons which occupies the orbits outside of the ion. When transition metal ions substitute into the
host lattice, the electron is strongly coupled to the lattice [18], thus forming an ionic bond between
ZnTe and Mo. ZnTe is a unipolar semiconductor, and it normally tries to remain as p-type even after
doping. This behaviour is due to the mechanism of self-compensation [19].
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Figure 1. XRD of ZnTe-Mo thin films
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The lattice parameters of the films were calculated using the Bragg’s formula [20].
2dsinf=ni (1)

The grain size of the films was calculated from the XRD using Scherrer’s relation,

D= kA
_,B cos &

(2)

Where, Kk is the constant =0.94, 1 the wavelength of radiation, g is the full width half maxima

and 0 the diffraction angle.
The micro strain (¢) dislocation density (&) of the films were estimated using the equations

Cos @
=PC ®
1
6=3; (4)

The crystallite size (D), Strain (¢), dislocation density (6) and lattice spacing are calculated and
presented in Tablel. As-deposited films show crystalline structure with 15.8 nm grain size. With the
increase in doping concentration the grain size starts increasing. This is because more and more Mo
atoms diffuses ZnTe and reduce the dislocations of ZnTe film. All the Mo atoms settle in the film
dislocations and hence stress reduces with increase in doping concentrations.

Table 1. XRD analysis of ZnTe:Mo thin films

26 FWHM  Grainsize Dislocation Strain Energy
(degrees) (radian) D (nm)  density (lin?m™) gap
S(E+15 li/m?) () (eV)
As-deposited 25.33 0.53719 15.825 3.993 2.287 2.27
5% ZnTe:Mo 25.36 0.56219 15.122 4.372 2.393 2.05
15% ZnTe:Mo  25.32 0.55837 15.224 4.314 2.377 1.95
25% ZnTe:Mo  27.38 0.58553 14.579 4.704 2.482 1.70

3.2 Morphology

Fig. 2 shows the morphology of undoped and doped thin films. The as-deposited thin film show
crystalline structure with uniform grains on the surface. Fig. 2b, 2c and 2d contain Mo atoms on the
surface indicating change in morphology. The AFM morphology clearly reveals the deposition of the
ZnTe:Mo film resembled as a general thin film deposition mechanism of nucleation growth. The
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presence of pillar like structure is because of spherical like clusters at the surface of the annealed stack
after deposition.
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Figure 2. a) As-deposited ZnTe b) 5wt% concentration of Mo, ¢) 15wt% concentration of Mo, d) 25%
concentration of Mo
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Figure 3. Surface roughness of ZnTe:Mo films for different concentrations.

The root mean square value of the surface roughness (rms roughness) calculated from the AFM
images increases exponentially with increase in concentration. It is evident from figure 3 that, the
surface roughness is less significant for the concentrations of below 15%wt. However, there will be an
abrupt increase in the surface roughness for the concentrations more than 15%. The increase in
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roughness may be due to the different kinetics of the dopant atoms and the host atoms on the film
surface at a particular temperature. Increasing content of Mo may increase the crystallite size and
hence in the increase in the roughness of the films and hence significant modifications in the surface
topographies have been observed [21, 22]. These characteristics are very well supported by the XRD
results.

3.3. Optical properties

The transmittance spectra of molybdenum doped ZnTe thin films of different concentrations
are shown in fig. 4. The transmittance was found to be 50% for the undoped film compared to the
doped which is from 14% to 8% at the wavelength range of 700nm to 900nm. This decrease in the
transmittance is due to the increased scattering of photons by crystal defects by doping [23, 24].
Besides these, annealing is also an important factor to improve the structure of the film and to increase
the grain size; it decreases the transmittance and increases absorption [25]. The optical transmittance of
the film is known to depend strongly on its surface morphology [26].
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Figure 4. Transmittance spectra of ZnTe:Mo films for different concentrations.

Fig 5 shows the reflectance of ZnTe:Mo thin films. It is observed that undoped ZnTe thin film
has more reflectance compared to that of doped films. As the concentration increases reflectance also
increases.

The optical absorption coefficient of ZnTe and ZnTe:Mo of different concentrations is shown
in fig 6. The absorbance was calculated from transmittance spectra. Compared to undoped ZnTe, the
ZnTe:Mo shows significantly very high absorption in the visible region (400-800nm).
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Figure 5. Reflectance spectra of ZnTe:Mo films for different concentrations.

The absorption was observed to be very high at shorter wavelength 500nm for doped films. As
the doping concentration increased, the absorption coefficient increases with red shift in the absorption

band.
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Figure 6. Absorbance spectra of ZnTe:Mo films for different concentrations.

This red shift is interpreted in terms of the sp-d exchange interaction between the band
electrons and the localized “d” electrons of the transition metal ion at the cationic site [27, 28]. As the
concentration of the doped Mo increases the absorption slightly increases. This is probably due to the
increase in fundamental absorption as photon striking increases with increase in carrier concentration
[29]. The photon energy is just above the band gap due to which the electrons are excited from valence
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band into conduction band. This generates electron-hole pairs and a new charge carrier distribution is
created. This effect leads to rising of forward current when light of these wavelengths in visible region
is illuminated [30]

The absorption coefficient a can be calculated using the relation [31].

(2 )

The fundamental absorption, which corresponds to electron excitation from the valence band to
conduction band, was used to determine the nature and value of the optical energy band gap. Optical
band gap was determined by the optical data with the expression for the optical absorption coefficient
a and the photon energy ht using the relation.

_ k(hr — E’g]g
= hu

Where, k is constant

(6)

Optical energy gap of ZnTe:Mo thin films plotted for different concentration is shown in fig. 7.
Here energy gap decreases with increase in Mo concentration. The narrowing of the optical band gap is
due to intense doping. The values of energy gap are given in table 1. Higher Mo concentration in the
films decreases the optical energy gap. This may be attributed to the band shrinkage effect because of
increasing carrier concentration [32]. Similar trend of observation has been reported elsewhere for
different doping materials [20, 7].
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Figure 7. Variation of (ahv)? with photon energy for the films of different Mo concentration in Mo:
ZnTe thin films
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Figure 8. Plots of Energy gap Vs Concentration for ZnTe:Mo thin films
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Figure 9. Calculated work function of ZnTe:Mo versus concentration

Fig 8 shows decrease in energy gap almost linearly with increase in concentration of Mo. There
is a possibility of auxiliary decrease in band gap value nearly equal to zero with further increase in Mo
concentration which is the evidence for decreased conduction band edge with increase in the doping
concentration [20]. Optical band gap of as-deposited film was found to be 2.27 eV (theoretical 2.24
eV) whereas for 25 wt% of Mo was found to be 1.70 eV, this linear decrease can be attributed to the
more number of acceptors after incorporation of Mo atoms into the ZnTe films.

Work function of the doped ZnTe thin films can be calculated using the equation [12],
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o >E, +7 (7)

Where, ¢m is the metal work function, Eg is band gap of semiconductor and “y’ is electron
affinity of semiconductor.

As the doping concentration changes, there is change in the work function of the
semiconductor. The calculated work function with varying Mo concentration is represented in figure 9.
The undoped ZnTe has maximum work function of 5.8, as the Mo concentration is increased the work
function decreases linearly. Equation 7 signifies that the metal work function should be greater than
the semiconductor work function ZnTe:Mo/Ni or Au [33] can be considered as a back contact for
CdTe based solar cells.

4. CONCLUSIONS

ZnTe:Mo thin films were prepared using electron-beam evaporation method for different
concentrations of Mo. XRD results confirmed the doping of Mo by indicating a prominent additional
peak of MoTe, for doped samples. Surface morphology indicated the presence of Mo on the surface of
ZnTe thin films. The optical transmittance decreases with increase in doping concentration in the
visible region (400-800). Mo doped ZnTe showed slight increase in absorbance compared to undoped
ZnTe and absorption spectrum shifts towards higher wavelength side with increase in doping
concentration. Optical energy gap decreased with increase in doping concentrations due to introduction
of impurity energy levels in the energy gap. It was observed that at 25wt% Mo doped ZnTe the band
gap and work function is low and also the transmittance is less compared to that of undoped ZnTe.
These are the prominent characteristics of a back contact. All these properties indicate that ZnTe:Mo
thin films can be considered to be used for the device applications as well as back contact material for
CdTe solar cells.
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