Growth, structural, morphological, opto-electrical and first-principle inv... https://link.springer.com/article/10.1007/s10854-022-08729-1

1 of 20

SPRINGER LINK Login

= Menu Q search T cart

Home Journal of Materials Science: Materials in Electronics  Article

Growth, structural, morphological, opto-electrical and
first-principle investigations of ZnMgS thin films

Published: 16 July 2022
Volume 33, pages 18798-18806,(2022) Cite this article

Download PDF %,

Access provided by Dr. Babasaheb Ambedkar Marathwada University, Aurangabad

Wetcitetsin’ Journal of Materials Science:
Electronics
=

Materials in Electronics

Aims and scope

Submit manuscript

Avinash S. Dive [\, Jitendra S. Kounsalye & Ramphal Sharma

5) 218 Accesses Dl Citation Exploreall metrics >

Abstract

Here, we report the chemical synthesis of Zny;Mg 3S columnar nanorods onto a commercial glass
slide. The synthesized films were used for further studies. Structural, morphological, optical, and
electrical properties were analyzed via X-ray diffraction, FE-SEM, TEM, UV—Vis spectroscopy, and
two-probe I-V characteristics, respectively. A stable hexagonal structure with the nanocrystalline size
of the ZnMgS material has been confirmed from X-ray and TEM analysis and also structural
parameters were determined. FE-SEM micrographs show the uniformity of the grown nanorods on the
surface of the film; combined EDX spectra display the presence of Zn, Mg, and S. UV-Vis absorption
spectra show a prominent peak at ~ 310 nm which confirms the blue emission spectra. The

semiconducting nature of synthesized ZnMgS films was confirmed by the electrical study and the
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photosensing ability was examined. Finally, ZnMgS is a direct bandgap semiconductor which is

confirmed from first-principle calculations.
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1Introduction

Recently, many reports are available on optical technologies and material modifications for
semiconductors. Some of the semiconducting materials are promising candidates for transistors,
modern-day’s electronics [1], light-emitting diode (LED) [2], photosensors, and low-cost solar cells.
With the increase in temperature, the electrical conductivity of the semiconducting material increases
substantially which is the exact opposite behavior of the metals. For many decades, researchers and
industrialists are focusing on the development of a photoelectronic device or different wavelength
photodetectors from separate photosensitive and appropriate bandgap semiconductors [3, 4]. Including
the various excellent properties of semiconducting materials, some nanostructures and shapes like 1-
dimensional (1D) nanorods, nanoribbons, quantum dots, etc., are receiving great attention toward it
[5]. Especially 1D nanorods have excellent optoelectronic properties such as confinement of the charge
carriers gets freely in 3-dimension. Also, it has a large surface-to-volume ratio of the 1D nanorods

better charge collection, charge separation, and marginal recombination loss.

ZnS is the widely used semiconductor belonging to the II-VI system. It has been widely utilized in
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LEDs, photodetectors, window layers, electroluminescence, etc. [6]. In addition to that Mg2* doping
into wurtzite, ZnS modifies the bandgap of pure ZnS, leading to an increase in optoelectronic
properties [7]. The phase diagram of the solubility of Mg in ZnS at normal conditions is eutectic type.
Approximately, 33 mol% doping of Mg in zincite was reported by a few authors [8]. Below the 4 mol%,
ZnMgS unveil a stable wurtzite structure [9]. Another reason for facile Mg2* doping in ZnS is the close
ionic radius difference between Zn2* 0.60 pm and Mg2* 0.57 pm. Similarly, MgS is a stable material
with a large bandgap; therefore, the Mg alloying in the ZnS increases the actual bandgap of pure ZnS.
Also, Mg doping the zincite creates a lattice distortion because the electronegativity difference between
Mg and Zn affects the electronic structure due to the Mg-3 s state, which dominates higher than the
Zn-4 s state at the bottom of the conduction band. Thus it replicates in widening the bandgap energy,

high dielectric constant, and high refractive index.

Mainly in the case of chemically synthesized ZnMgS/O thin films, large number of hydroxyl bonds are
present on the surface layer and can easily break due to photon (light) exposure [10]. The broken H
atom goes toward the interstitial position of ZnMgS/O and plays a role as a donor atom; therefore the
resistivity of the ZnMgS decreases which results in the increment of efficiency. Due to such excellent
characteristics properties, researchers are focusing on the synthesis, characterization, and
optimization of stable ZnMgS, ZnMgO, MgO, Mgs, etc. [11]. The alloy of the Mg-doped ZnS is
synthesized by various physical and chemical techniques such as metal—organic chemical vapor
deposition (MOCVD) [12], molecular beam epitaxy (MBE) [13], RF sputtering, and spray pyrolysis. But
such physical synthesis techniques need sophisticated instruments and expert personnel to handle the
same so it becomes costly. On the other hand, reports on the low-cost chemical synthesis of stable
ZnMgsS thin films are limited. For the first time on a glass substrate, A. S. Dive et al. reported the
synthesis of Zngy gMgp »S 1D nanorod thin films using a low-cost one-step chemical bath deposition
technique, which was explored to be used in visible light photosensors [14]. There are negligible
reports available on the experiment, i.e., chemically synthesized and theoretical investigation of
ZnMgS nanostructure. With this great motivation, in the present study, we have concentrated on low-
cost chemical growth of the Zny7Mg 3S thin films on a commercial glass substrate and
characterization of the films and made a scientific correlation of structural and optoelectronic

properties of ZnMgS 1D nanorod thin films.

2 Experimental section

2.1Synthesis of the Zng 7Mgo 3S thin films

Analytical reagent (AR) grade 98% pure chemicals were used for the synthesis of Zng;Mg3S 1D

nanorod thin films. In the chemical synthesis (CBD) procedure, an aqueous solution of zinc nitrate
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hexahydrate [Zn(NO3),6H,0: 0.7 M], magnesium nitrate hexahydrate [Mg(NOs),6H,0: 0.3 M] and
thiourea [H,NCSNH,: 0.1 M] were used. The detailed procedure was discussed in our previous report
[15].

2.2 Characterization of the Zng 7Mgg 3S thin films

Bruker AXS, Germany (D8 Advanced) X-ray Diffractometer has been used for the exploration of
structural chattels of the prepared Zny;Mgg 3S 1D nanorod thin films. The scanning range of 20—60°
(20) using CuKa; radiation having a wavelength of 1.5406 A with a scanning rate of 0.05 s~1 was used to
record the XRD pattern. Field emission scanning electron microscopy (FE-SEM) assembled with
energy dispersive X-ray analysis was carried out at instrument MIRA II LMH from TESCAN with an
accelerating voltage of 5 and 30 kV. Tecnai G2 20 was used to carry out transmission electron
microscopy (TEM) with selective area diffraction pattern (SEAD) with an accelerating voltage of

200 kV. Perkin-Elmer Lambda—25 UV—Vis spectrophotometer was used to measure the optical
absorbance spectra in 300—1000 nm range. J—V characteristics were obtained from Keithley 2400

measurement setup in the presence of a class AAA solar simulator lamp as a light source.

2.3 Computational details

MedeA-(VASP) Vienna ab initio simulation package with the plane-wave pseudopotentials were used to
calculate the detailed band structure, density of state (DOS), and total density of states (TDOS) of the
ZnMgS. 2 x 2 x 2 supercells were built with the wurtzite ZnMgS unit cell with P6smc as the space group.
To investigate the effect of Mg doping in pure ZnS, three Mg atoms were substituted for Zn atoms to
achieve a 30 mol% doping concentration. Other parameters such as residual force, minimum energy
state, cut-off kinetic energy and smearing were kept similar as reported in our earlier publication [15,
16].

3 Result and discussion

3.1 XRD analysis

To investigate the structural properties of the nanocrystalline materials, X-ray diffraction (XRD) is an
important characterization tool. Fig. 1 shows the XRD pattern of Zng ;Mg 3S 1D nanorod thin films,
which confirms the formation of the wurtzite hexagonal crystal structure matches with standard
JCPDS # 37-1180 & # 36-1551. Also, the XRD pattern confirms that there is no other diffraction peak.
The diffraction peaks were observed at 28.85° (111), 30.96° (101), 34.33° (002), 36.14° (101), 42.62°
(200), 47.47° (102), and 56.25° (110) corresponding to the wurtzite hexagonal phase of the Zny;Mgg 3S
1D nanorod thin films [17].
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X-ray diffraction patterns of Zny;Mgo3S 1D nanorod thin films

The presence of a clear and highly intense diffraction peak at 34.33° (002) demonstrates that 1D
nanorods are growing in a direction normal to the substrate’s surface. [18]. Morphological studies also
confirm the preferential growth toward the (002) direction of Zny;Mgg 3S 1D nanorod thin films. It is
reported earlier that, the pure ZnO has a multi-orientation growth with different shapes and
structures, but in the case of Mg doping, most probable growth favored the c-axis [19, 20]. For
calculating the lattice parameters and strain of the films, we used standard relations and strain
equations, respectively. Also, the crystallite size was estimated using Scherrer’s formula [14]. The

calculated values are in good agreement with the previous reports available and listed in Table 1.
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Table 1 Calculated structural parameters of Zng 7Mgo 3S 1D nanorod thin films estimated
from XRD data

3.2 Morphological study
Figure 2a shows the typical FE-SEM micrographs of the Zny;Mgp 3S 1D nanorod thin films synthesized

onto the glass substrate. The magnified view is shown in Fig. 2b. The formation of a uniform layer of 1D
nanorods can be observed clearly in FE-SEM micrographs, as well as in TEM micrographs and XRD
diffraction results. Reducing the reflection losses due to the scattering of light is the main
characteristic of the nanorod morphology and can help to increase the light-trapping efficiency
marginally. Therefore, as compared to other nanocrystalline geometries, 1D nanorods provide a better
interfacial area and give an upsurge in the carrier concentration. So such type of nanostructure can
conceivably give better efficiency in the nanostructured photonic devices [19]. Figure. 2c shows that
the EDAX spectrum of the Zny;Mg( 3S 1D nanorod thin films confirms the compositional ratio of the
Zn, Mg, S, and O, respectively. The atomic ratio of the Zn, Mg, S and O which confirmed from the EDAX
spectrum was to be 40:20:30:10 which is most reliable with a stoichiometry of Zng;Mgg3S composition
[15]. Due to open-air reactions and deionized (DI) water used in the reaction as solvent, almost 9-10%
of oxide were found in the EDAX spectra. Additional structural studies regarding the crystallinity and
particle size of the as-prepared Zn(;Mg3S 1D nanorod thin films were analyzed by transmission
electron microscopy (TEM) micrographs. Fig. 2d, e shows the TEM micrographs inset with the selected
area diffraction pattern (SAED). The average length and diameter of the as-prepared nanorods were
approximately ~ 180 nm and ~ 4 pm, respectively [15]. The particle size calculated from the TEM images
was ~ 29 nm which was in good agreement with XRD results. The discrete spot pattern in the SAED
pattern is the characteristic evidence of the formation of 1D nanorods toward the (002) plane. The

SAED pattern also confirms the formation of stable wurtzite hexagonal structure formation of

Zny7Mgo3S 1D nanorod thin films.
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a FE-SEM micrograph of thin film, b inset magnified view of nanorods, ¢ EDAX spectra of NR thin
film, and d TEM micrograph of thin film e SAED pattern

3.3 Optical analysis

3.3.1UV-Vis absorbance study and photoluminescence spectroscopy

Because 1D nanostructures like nanowires and nanorods have the potential ability to increase light
trapping at the device, they may attract a lot of interest. The UV—Vis absorbance spectra as a function of
wavelength, Tauc’s plot for the bandgap determination, and photoluminescence (PL) spectra for the
Znp7Mgo3S 1D nanorod thin films are represented in Fig. 3a, b and c, respectively. It can be see that
ZnMgs films show the blue shift ~ 380 nm [20]. The Moss-Burstein effect occurs after the addition of
Mg in Zn alloys which enhances the bandgap values [21].

7 of 20 6/16/2024, 2:32 PM


https://link.springer.com/article/10.1007/s10854-022-08729-1/figures/2
https://link.springer.com/article/10.1007/s10854-022-08729-1/figures/2
https://link.springer.com/article/10.1007/s10854-022-08729-1/figures/2

Growth, structural, morphological, opto-electrical and first-principle inv... https://link.springer.com/article/10.1007/s10854-022-08729-1

Fig.3
8
—— ZaMgS Thin Film s —— ZnMgS Thin Film
(- % A
74 \ E ~ 12000 £
- 7 it
364 < EAN N B
i~ - ; [ ¢4
~ - £ =F 9000 ::
& 54 oL s (b) | = :
= F— 7‘ ) L v
= -2 - $ 3SeV E ‘ E
£44 - =L 6000 :
: — T —— i i
wn 10 15 20 25 30 35 40 45 s « 9
= 3 hv (eV) = s 3 (C)
< 2 §
94 L 3000¢
e BN
(a) —— ZnMgS Thin Film r
l v LI v v L] d L) b L]
200 400 600 800 1000 200 400 600 800
Wavelength (nm) Wavelength (nm)

a UV—Vis absorbance spectra ZnMgS thin film, b inset Tauc’s pot and ¢ photoluminescence
spectrum of ZnMgS thin film

Also, one of the interesting modifications that have been seen after the incorporation of Mg2+ in Zn2*
alloys is an increase in oxygen vacancies as well as electron concentration. Some new electronic states
have occurred in the conduction band (CB) and valance band (VB) with an additional heightening of CB.
Therefore, such electronically modified materials play a major role in the absorption & reaching of
extra light to the device. The findings are consistent with prior reports based on the experimental and
theoretical investigation. The PL spectroscopy is the most useful characterization tool to investigate the
emission, vacancies, and defects in doped and undoped ZnO and ZnS structures. The substantial
excitation peak at ~ 370 nm is seen in Fig. 3¢ which indicates UV emission by recombination of free
excitons [22, 23]. The doping of Mg2* in the actual structure of ZnS will enhance the bandgap values
which was confirmed in the UV—-Vis absorption study and electronic structure optimization results can
be correlated here.

3.3.2 Raman spectrum analysis

To analyze the crystal structure, lattice distortion, defect-induced disorder, and modification that
occurred after the doping or post-deposition treatment, an important tool Raman study was performed
The chemically synthesized Zng;Mg 3S 1D nanorod thin films belong to a hexagonal wurtzite
structure with a P63mc space group. The group theory has predicted that the optical phonon modes can
be classified via irreducible representation [14]. Both A; and E; modes are split into transverse optic
(TO) and longitudinal optic (LO) modes, respectively. Additionally, E; has two different modes as E;
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(high) and E; (low) which represent the motion of Zn sublattice and motion of the oxygen vacancies,
respectively [14]. Fig 4 represents the room temperature Raman spectra of the Zny;Mgp 3S 1D nanorod
thin films. The peak E, (high) optical phenomenon at 440 cm™! is the characteristic of the wurtzite
hexagonal phase of the ZnMgS/O which is also confirmed by the XRD analysis [24]. Another peak

present at 475 cm™1 belonging to LO mode is the evidence of the growth of stable phase ZnMgS thin
films [25].

Fig. 4

180

90

——— ZnMgS Thin Film

300 350 400 450 _§00 550
Raman Shift (cm)

Raman spectra of Zn7Mgg 3S 1D nanorod thin films

Also, the peaks at 500 cm~! and 540 cm™! may be due to structural imperfections, oxygen vacancies,

and Zn interstitials. The second-order Raman scattering was seen from 324 to 400 cm™! which was
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recognized as transverse acoustic + longitudinal optical (TA + LO) phonon modes at 335 cm~land

385 cm™ for the Zny7Mgg 3S 1D nanorod thin films.

3.3.3 )=V Characteristics study

To investigate the charge transportation properties of the as-prepared Zng;Mg 3S 1D nanorod thin
films, we have measured the current density vs voltage (J—V) characteristics. The J-V measurement
has done at room temperature in dark and illumination conditions. The illumination intensity was kept
at ~100 W/cm? and the applied bias voltage was + 5 V. Figure 5 shows the typical J-V plot of Zny7Mgo3S
1D nanorod thin film and the measurement was done on 1x 1 cm film. To make proper electrical
contacts between film and connecting pins, the silver (Ag) paste was used. Ohmic behavior has been
verified based on the J—V plot since the generated current is proportionate to the applied voltage. After
applying photonic illumination (100 W/cm?2) to the film, a significant change occurred in current
values which is the confirmation of the generation of large no. of free electron—hole pairs in the
conduction and valance band. Moreover, the energy of incident photons can easily break the covalent
bonds which result in the increment of the charge carrier concentration at both valance and conduction
bands. The value of the resistance calculated by the J—V plot was 1.43 x 106 & for dark and 1.12 x 10* Q for
illumination conditions [26]. The calculated photosensitivity (S) and photoresponsivity (R) with the
help of standard relation were found to be ~ 98% and ~ 37.6 pA/W, respectively [14, 27]. Also, the
photocurrent for Zny;Mgg 3S 1D nanorod thin film was found to be 0.41 mA; this is marginally greater
compared to the previous reports on photosensing of ZnO, ZnS, etc. As well, the increased
photoresponse of ZnMgS films may be due to the better charge transformation amid the device after
the doping of Mg. Therefore such materials draw great attention due to their uses in solar cell window
layers and other optoelectronic devices.

Fig.5

ensit (mA/cmz)
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3.3.4 Electronic structure investigation

The effect of doping of magnesium (Mg) on the electronic structure of pure ZnS nanocrystals was
investigated via first-principle calculations in which theoretical bandgap, total, summed and partial
density of states (DOS) have been simulated by using Generalized Gradient Approximation (GGA) of the
DFT. Initially, the structural optimization of the ZnS and Mg-doped ZnS was performed successfully.
The optimized lattice parameters for the pure and Zny;Mgj 3S structure were a = 3.83 A c=535Aanda
=3.84 A, c=5.32 A. The theoretical band structure plot of the optimized ZnMg$ structure reveals the
direct bandgap semiconductor with an energy bandgap of 1.55 eV as shown in Fig. 6f. The conduction
band minima and valance band maxima of the calculated wurtzite structure were located at the “T"”
point of the first Brillion zone which is the confirmation of direct bandgap and can be seen in Fig. 6a, b,
¢, d, e and f. The same results were also confirmed from the optical and electrical study of the ZnMgS
films. Other than the wurtzite hexagonal structure, few reports were available on the rock salt-
structured ZnMgS having an indirect bandgap. The indirect bandgap materials are having a phonon
addition between electron and photon which results from the optical inactiveness [28, 29].
Consequently, such direct bandgap semiconductor materials state their dominance in optoelectronics
technology. Also, the bandgap value and lattice parameters estimated from the theoretical calculation
were comparable to previous results. Table 2 shows the comparative analysis of the various parameters
obtained from the DFT calculations. It is a well-known problem reported in theoretical study that, the
misinterpretation of the band dispersion occurs in localized density approximation (LDA) and GGA
calculations located at the Zn-3d band erroneously. Such Zn-3d follows the top of the valance band and
creates strong hybridization between O-2p which makes the remarkable reduction in bandgap energy

theoretically likened to experimental values [30, 31].
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a Optimized unit cell of ZnMgS, b calculated density of states of ZnMgS, c— e focused view of p
state, s state and d state and f calculated band structure of ZnMgS

Table 2 Comparison of various parameters obtained from DFT calculation with similar
structure and application

4 Conclusion

Zny7Mgg 3S 1D nanorod thin films were successfully synthesized by the chemical technique on a glass
substrate with a short deposition time. Such chemical technique is simple, cheaper, and easy to handle;
hence, we have utilized it. The first-principle investigation of ZnMgS has been carried out by MedeA-
(VASP) DFT simulation package. The theoretical results were correlated with experimental outcomes
and the ZnMgS shows the direct bandgap semiconducting behavior. The structural analysis of
Zny7Mgq 3S showed good crystallinity with ~ 24 nm by XRD and ~ 29 nm from the SAED pattern.
Stoichiometry of the films was studied and confirmed by the EDAX spectra. Vertically aligned nanorods
have been seen on the surface of the substrate by FE-SEM micrographs. The optical absorbance studies
showed the maximum absorbance in the UV region (~ 380 nm) and an energy gap of ~ 3.5 eV. The J-V
characteristics plot of ZnMgS shows the potential increase in the photocurrent (~ 37.6 nA/W) when it
was illuminated by a 100 W solar simulator lamp. These inexpensive semiconductors were
demonstrated to be suitable for use in future optical devices by the optoelectronic features that were
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investigated here.
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