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Abstract

MgSnN; thin films were deposited by reactive magnetron co-sputtering on fused silica and
silicon substrates. The properties of the films were determined as a function of the deposition
temperature. Although the films exhibited a strong preferred orientation along the [002]
direction, cumulative X-ray diffractograms at various Y angles evidenced that the deposited
films crystallized in a wurtzite-like structure. Regardless of the substrate temperature during
deposition, MgSnN> films had a columnar microstructure. Mossbauer spectrometry and X-ray
photoemission spectroscopy were used to extract the chemical environment of magnesium
and tin atoms and to identify their oxidation states. Electrical properties were deduced from
Hall effect measurements. An increase of the electron mobility was noticed at high deposition
temperature. The optical band gap of MgSnN> films increased from approx. 2.28 to 2.43 eV in
the 300 — 500 °C range. The experimental optical properties of MgSnN> films were compared

to those obtained by ab initio calculations.
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1. Introduction

III-N materials are commonly used in several applications such as visible and UV LEDs, fast
high power transistors, solar cells and mechanical devices[1,2]. The main spinneret is based
on the use of InGaN alloys. However, such materials contain indium and gallium. Significant
volatility in their price and demand over the last years has led to considerable concern given
their critical roles and their use in a wide range of large-scale electronic devices[3,4].
Moreover, at present the crystalline III-N materials require the use of epitaxial growth
techniques with high cost and relative complexity. Thus, it is important to study and develop
new earth abundant materials with optimized properties for the processing of innovative
optoelectronic devices that can be competitivelymore cost effectiveand sustainable for mass

production.

Following the inorganic thin film strategy where the III-N materials have already been proven
to be very stable, it is so natural to focus on inadequately investigated semiconductor
materials that are closely related to the III-N family. In such new compounds, the elements of
the column Illare replaced by an ordered cation sublattice composed of equal numbers of
elements of column II (Mg, Zn) and column IV (Si, Ge, Sn) atoms.Such a strategy has been

successfully used to develop ZnSnN» and ZnGeN; or Zn(Sn,Ge)N»[5-18].

Few theoretical studies have been reported for MgSnN>[19-22]. MgSnN; thin films have
already been grown by plasma assisted molecular beam epitaxy (PAMBE)[23],
radiofrequency (RF) sputtering[24,25], or by using a high-pressure-metathesis reaction[26].
As for ZnSnN; one of the mainchallenge in the study of MgSnN is the precise determination
of its structure. By using the quasiparticle-self-consistent GW approximation,Jaroenjittichaiet
al.[22]have proposed af3-NaFeO»-like structure (spacegroup Pna2;) for MgSnN>. However, in
their report the authorshave mentionned that the band gap of MgSnN is close to theone of
GaN, i.e. 3.4 eV.In the work ofRasanderer al.[21]structural and elastic properties have been
calculated for the orthorhombic Pna2; MgSnN» structure. However,a disorderedwurtzite-like
structure with overall orthorhombic symmetry was also proposed for the Zn-IV-N»
family[27]. By using the metathesis reaction under high pressure,Kawamura et al.[26] have
synthesized MgSnN> with a disordered rocksalt-like structure.Greenawayet al.[24]have
suggested several possible structures for MgSnN> thin films,they also mention that the cation
ordering may change the structure. Yamada er al.[25]have epitaxially grown MgSnN> on

GaN(001),indicating an hexagonal ZnO-like structure for their films.Since several structures



have been reported for MgSnN> films, their properties vary within a large range. For example,
the optical band gap of MgSnN> films vary in the 1.8- 3.4 eV range[20-26]. This variation of

the band gap canmainly be attributedto the cation ordering in the structure.

In the present work, MgSnN> films have been deposited on fused silica and silicon substrates
by reactive magnetron co-sputtering. While maintaining Mg/Sn atomic ratio constant, the
deposition temperature has been changed for the different films. The structural,
microstructural, optical and electrical properties of the grown films have been investigated. In
addition, the electronic and optical properties were calculated by density functional theory
(DFT) with an accurate hybrid functional (mBJ) to predict band gap energy.The results
obtained in the present study are helpful to determine the potential applications of MgSnN>

thin films for solar applications.

2. Experimental details
2.1. Thin film deposition and characterization

MgSnN> thin films were deposited by reactive magnetron co-sputtering at different substrate
temperatures (7suwp) (up to 500°C) using two metallic targets (Mg and Sn) in a pure nitrogen
atmosphere. The target diameter was 50.8mm and the distance between the targets and the
substrate holder was fixed to 90 mm. The substrate-holder was a rotating inconelmolyblock
on which the substrates (fused silica and silicon substrates of 2x2 cm?)were fixed and heated
from 100 to 500°C.The self-established temperature at the substrate was measured using a
thermocouple.Prior to their introduction into the chamber, the substrates were cleaned by
ethanol. Before the film deposition, an etching step using a radiofrequency plasma (50 W, 5
min) wasperformed to clean the substrate surfaces. During the growth process,the total
pressure was kept at 1 Pa with a nitrogen flow rate of 30 sccm. The targets were sputtered by
fixing the RF power at190 W on the Mg target and the DC current at 0.25 Aon the Snone. The
growth rate for MgSnNowas approx. 3.0 um/h. The deposition procedure used for the
MgSnNofilm growth is highly reproducible. The atomic Mg / Sn ratio in the film
wasdetermined using an energy dispersive spectrometer (EDS) coupled with a scanning
electron microscope (ZEISS Gemini SEM 500 equipped with field emission gun). The
quantification by EDS was done at 20kV. The film structure was characterized by 6-26 X-ray
diffraction (XRD) measurements with a Bruker D8 Advance diffractometer using a Cu anode

(cu Ka1 =1.5406 A). To obtain more information about the crystal structure of the deposited
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films, a Brucker D8 Discover diffractometer (Aco Ka12 = 1.79026 A ) was also used for
detexturation. The film microstructure was characterized by transmission electronic
microscopy (TEM) using a JEOL — ARM 200 F Cold FEG TEM/STEM operating at 200 kV
and equipped with a spherical aberration (Cs) probe corrector (point resolution 0.12 nm in
TEM mode and 0.078 nm in STEM mode). The cross-section of the samples was prepared by
using a focused ion beam (FIB) scanning electron microscope (SEM) dual beam system FEI
Helios NanoLab 600i. The thickness of the films was measured by a Bruker DektakXT tactile
profilometer in good agreement with those obtained from TEM cross-section observations.
9Sn conversion electron Mossbauer spectrometry (CEMS) spectra were recorded by a
conventional Mossbauer spectrometer (Wissel) with a flowing gas (96% He, 4% CHa)
proportional counter (Rikon-5) at room temperature. The velocity scale was calibrated with a
57CoRh source and a metallic iron foil. The evaluation of Mossbauer spectra was performed
by least square fitting of lines using the Winnormos (Wissel) program. The velocity error on

all of the ''”Sn Mossbauer spectra was +0.1mms™!

. X-ray photoelectron spectroscopy (XPS)
was carried out to further investigate the chemistry of MgSnN> thin films. The analysis was
done using a Thermo K-Alpha, working with Al Ka radiation (1486.68 eV), with a spot size
of 250 x 250 um2. The high resolution spectra of Mg 1s, N 1s, Ols, Sn 3d, Mg KLL levels
and valence band were recorded at a pass energy of 20eV, with 20 scans. The survey spectra
were also recorded, and did not reveal contamination of the samples, except of carbon and
oxygen. Prior to analysis, the surface was cleaned by Ar" etching. The etching was done
under mild condition (200 eV, 60 s, medium current), to limit the chemistry alteration of the
coating, while removing the contamination layer. Although such parameters limit film
damage, a slight reduction was still possible. A flood gun is used during measurement to limit
the charge shift. The spectra analysis was done by being aware of the C 1s reference problem
and the charge effect of insulating samples [28-30]. The possible charge shift of each sample
was analysed prior to analysis, then the spectra were calibrated with the same shift for each
level, to obtained consistent results with the position of the valence band edge. The peak
analysis was carried out using Thermo Avantage software, considering a Shirley
background.The optical UV-visible-NIRtransmittance measurements were performed in the
200-2500 nm range using Varian Cary 7000 UV-vis-NIR spectrometer within a UMA
configuration. Electrical properties were measured at room temperature using a Hall effect
equipment (Ecopia HMS5000).The photoluminescence (PL) measurements were performed

using a spectrofluorometer (Fluorolog-Horiba). A xenon arc lamp source (380 nm) was used,



and the PL emission was analysed with a detection system equipped with 150 grooves/mm

gratings and a cooled silicon-based CCD camera.

2.2. First-principle calculations

Density functional theory (DFT) geometry relaxation were carried out using the plane-wave
Vienna ab initio simulation package (VASP)[31,32].The generalized gradient approximation
(GGA) in the PBE (Perdew-Burke-Ernzerhof) functional was selected for the exchange-
correlation potential. The k-points 15x15x10Monkhorst-Pack were used for Brillouin zone
integration with a l-centered k-point mesh. All lattice vectors and atomic positions were fully
relaxed by minimization of the quantum mechanical stresses and forces using the projector-
augmented wave (PAW) VASP pseudopotentials. The cut-off energy for plane-waves was set
to 520 eV. Each atom was configurationally relaxed until the forces were under 0.02 eV/A,
and convergence in energy iterations of 107" eV/atom was used. Initially the structures were
taken from the crystallographic information files (CIF) available from the previous work of
Greenaway et al. [24].For the electronic band structures we used the full-potential linearized
augmented plane wave (FLAPW) approach, as implemented in the WIEN2K code[33]. In this
method, a plane-wave cutoff corresponding to RyrKma= 7 was chosen to avoid overlapping
during the band structure calculation. The radial wave functions inside the non-overlapping
muffin-tin spheres were expanded up to /n.x = 12. The charge density was Fourier expanded
up to Gmax = 16 A", Total energy convergence was achieved with respect to the Brillouin
zone (BZ) integration mesh with 500 k-points. Because GGA exchange-correlation functional
are known to underestimate actual band gaps, we used the modified Becke-Johnson (mBJ)
functional which leads to excellent agreement with the experimental values for the energy
separation between valence band maximum (VBM) and conduction band minimum (CBM)
[34]. We used 5000 k-points in the BZ to compute the band derivatives, the density of states

and calculate optical properties such as absorption coefficient and refractive index.

3. Results and discussion
3.1. Structure and composition

Table 1 shows the chemical composition of MgSnN» thin films deposited at different substrate

temperatures (Tsup). Since the EDS method used to determine the film composition may



overestimate the nitrogen content in the film due to the signal of nitrogen diffused in the
substrate, the atomic ratio Mg/(Mg+Sn) is preferred to show the effect of the deposition
temperature on the film composition. From the data provided in Table 1, it clearly appears
that the metallic content is not influenced by the change of the substrate temperature.

Moreover, both Mg and Sn are equally present in the film.

In Figurel, the XRD analysis in specular Bragg-Brentano configuration clearly shows
theinfluence of the substrate temperature on MgSnN; thin films. The diffractograms only
evidence the occurrence of the MgSnN> phase. No metallic phase such as Mg or Snis
observed as reported in the previous work[24]. X-ray diffractogram of MgSnNxcan be
indexed with the expected ZnO-likehexagonal structure(space group: P6smc) with the lattice
parameters a=3.462 and ¢=5.504 A. At room temperature, MgSnNathin film showsmainly3
diffraction peaks, namely (002), (102) and (103).The Figure 1 also evidences that the intensity
of the(002) diffraction peak increases with substrate temperature,indicating a progressive
improvement of the crystalline quality of the films with the deposition temperature. The
emergence of the (004) peak is also observed from 300°C and its intensity rises up with the
temperature. This can been explained by the increase of the adatom mobility[35]. Between
100 and 500°C, the films show a strong preferred orientation along the [002] direction. This
fiber texture is usually observed for hexagonal structure like ZnO[36]and ZnSnN>[37].

Based on the X-ray diffractograms, the coherence length (or crystallite size) has been
estimated from the full width at half maximum (FWHM) of the (002) diffraction peak using
the Scherrer equation. In Table 2,the FWHM and the coherence lengthvariations are shown
versus the substrate temperature. By increasing the substrate temperature, the coherence
length was found to increase. Once again, this result can be correlated with the increaseof the

adatom mobility and also the thermally induced grain growth[35,38].

By using specularBragg-Brentano configuration analysis it was not possible to precisely
determine the film structure due to the strong texture of films deposited at a temperature
higher or equal to 100 °C. Figure 2 presents the cumulative X-ray diffractograms obtained at
various y angles of MgSnN films on fused silica substrates with different temperatures, this
method being already described byBouhtiyyaet al.[39].Within this method, the highly
textured MgSnN> films exhibit a powder-like diffractogram. All diffraction peaks match with
the hexagonal structure and theMgSnNqdiffractogramscan be fitted with the ZnO-like
structure (space group P6smc) with lattice parameters a=3.459 and ¢=5.507 A, giving a
c/aratio of 1.592 in close agreement with the ideal value known for such a structure.In the
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literature, the crystal structure for MgSnN> is considered as wurtzite structure with overall
orthorhombic symmetry with space group Pna2; which is known for f-NaFeO,[40]. In the
first synthesis of MgSnN2 by MBE, the authors found that the films exhibit a wurtzite-derived
structure[23]. By using the metathesis reaction under high pressure[26]the authors reported
non-stoichiometric MgSnNoxfilms with a Mg/Sn atomic ratio of 1.19 crystallizing in a
disordered rocksalt-like structure with lattice parameter a=4.48 A. By using RF-sputtering[24]
MgSnN; films were described as a cation-disordered wurtzite structure with group space

Pna2;.

The MgSnN> film microstructure has been characterized by TEM (Figure 3). Bright field
images of the film cross section are presented in Figures 3a and 3d for films grown at room
temperature and 500°C, respectively. For both films, a columnar microstructure is clearly
evidenced as shown also in dark fieldimages (Figures 3b and 3e).Such a columnar
microstructure is commonly observed for sputtered binary nitride coatings[41—43]and ternary
nitride films[6,44]. The width of the columns for the sample grownat room temperature is
varying between 37 and 52 nm(Fig. 3a) while the column width is ranging between 40 and 53
nm for the film grown atTsuw= 500°C (Fig. 3c). The selected area electron diffraction (SAED)
pattern on several columns is shown in the insetsof figures 3a and 3d. These SAED patterns
are in well agreement with those obtained by XRD. The electron diffraction pattern obtained
on the film deposited at room temperature shows several rings characteristics of a
polycrystalline material without preferred orientation. On the other hand,for the film grown at
Tsu= 500°C the SAED patternindicates a preferred orientation along the [001] direction.High
resolution image of one column is depicted in Figure 3c for Tsw= room temperature and
Figure 3f for Tsu= 500°C. As shown in the insetsof both figures, a single crystal of MgSnN>
is clearly evidenced by FFT.

Figure 4 shows a Mssbauer spectrum obtained on the film grown at Tsu, =400°C. The results
obtained with the other samples are similar. They all demonstrate a doublet with an isomeric
shift (IS) close to 1.06 mm s™!, characteristic of tin atomswith an oxidation state +IV. The
doublet also presents an asymmetry due to the strong texture of the thin film illustrated by X-
ray diffraction measurements. Table 3 shows the hyperfine parameters obtained as a function
of the deposition temperature. The stability of the isomeric shift observed along the series can
be interpreted as a stable chemical composition with the deposition temperature. On the other
hand, the quadrupole splitting (QS) decreases with increasing temperature. Few information

on the Mossbauer parameters of tin nitride is available from the literature. For example, Lima
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et al.[44] studied SnxNy tin nitride films deposited by sputtering and demonstrated the
presence of Sn** with IS = 1.1 mm s and QS = 0.67 mm s™'. More recently, Baggettoet
al.[45] have characterized Sn3N4 films and have shown that in this spinel structure, the
characteristic absorptions represent a sum of Sn** ions located in octahedral and tetrahedral
sites with QS = 0 mm s'.The QS parameter is directly linked to the symmetry of the
crystallographic site. A QS value close to 0.94mm s™! indicates that the Sn**atomsare in an
asymmetric site, i.e. a tetrahedral site elongated in one direction. A slight decrease in this
parameter is observed with the deposition temperature, which appears to be consistent with

better crystallization of the nitride phaseas temperature increases.

Figure 5 presents the XPS analysis of the MgSnN:> films. Interestingly, no significant
difference is observed between the various samples. Mg 1s signal (Figure 5a) is composed of
one contribution centred at 1303.9 eV, in accordance with nitride formation [46] as metallic
and oxide contribution are centred at approx. 1303.2 and 1305.0 eV, respectively. The Sn 3d
signal (Figure 5b) is composed of two doublet contribution due to Sn 3d 5/2 and Sn 3d 3/2,
centred at 484.9 and 486.4 eV, respectively. The more intense contribution at 486.4 eV
(representing 90% of the area) is attributed to Sn** contribution. The literature presents a Sn**
contribution at 486.1eV in SnxNy[47] andat 486.8eV in Sn nitride film [48] while Ansari et al.
reported Sn** at 486.3eV. The XPS results are consistent with Mossbauer spectroscopy
results. The slight contribution at 484.9 eV is possibly due to Sn**[46—48]that may come from
the etching of the surface, as no Sn’* is evidenced by Mossbauer. The Mg/Sn atomic ratio
obtained by XPS is closed to 55/45, and the little deviation from that given by EDS is
attributed to the surface etching performed prior to the XPS analysis which altered slightly the
surface stoichiometry. The formation of the nitride compound is further confirmed by the N
Is signal (Figure 5c), exhibiting one single contribution at 396.7eV. In addition to Mg 1s, the
Mg KLL Auger level (Figure 5d) has been recorded, as it is more sensitive for chemical
analysis. The signal is composed of an intense peak at 303.4eV (i.e. kinetic energy of 1183.3
eV) attributed to nitride, and a shoulder at 305.5 eV (i.e. kinetic energy of 1181.2 eV)
attributed to oxide, in excellent agreement with the XPS analysis of Bouvier et al. on nitride
powder [46]. The XPS valence band (Figure 5e) presents a strong peak at 25.9¢V, attributed
to Sn 4d level (this contribution has been reported at 26.7eV in ZnSnN>[49]). In the 0-20 eV
range, three contributions are observed at approx. 4, 8.5 and 16eV. The observed peak at

approx. 4eV can be attributed to the N-2p and Sn-5s in accordance with our DOS calculations.
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However, the range of calculations does not allow to attribute the two others
contributions.The valence band spectra presented in Fig. 5e has been obtained using XPS
analyses. From these experiments, the valence band maximum has been estimated to 0.3 eV
independently of the deposition temperature. Such a result disagrees with the optical band gap

measurements presented in Figure 8.

3.2. Optical and electrical properties

The film transmittance in the UV—visible-NIR range is presented in Fig. 6. The thickness of
all films is in the 700-800 nm range. The transmittance spectra present prominent interference
fringes caused by the multiple reflections at the two interfaces of the air / MgSnN> / fused
silica substrate system. In the visible range, there is no strong influence of the deposition
temperature on the film transmittance. Such a result may be explained considering that the
deposition temperature has a weak influence on the chemical composition, the structure and
the microstructure. However, a blue shift of the absorption threshold is noticed when the
deposition temperature increases. The second difference observed on these transmittance
spectra is related to the behaviour in the NIR domain. The increase of the deposition
temperature comes with a progressive decrease of the NIR transmittance. The blueshift of the
absorption threshold and the decrease of the NIR transmittance are related to changes in the
electronic structure that influence the electronic properties of the MgSnN> films.MgSnN: thin
films have been characterized by photoluminescence (Figure S1). The PL response was very
weak and a long acquisition duration was necessary to obtain a signal. The very weak PL
signal can be explained by the delocalization of excitons upon light excitation. It can be
observed that the films of lower resistivity (higher conductivity) exhibit lower PL intensity at
least by 2.5 times than the sample of highest resistivity prepared at room temperature. This
could imply to the contribution of the delocalized carriers in PL quenching. Since no PL
experiment has been previously reported on MgSnNo, it was not possible to assign the large

PL band centred at approx. 460 nm.

Table 4 summarizes the values of the MgSnNzoptical bandgap (E;) determined from the
transmittance data using the Tauc method. MgSnN» being reported as a direct semiconductor,
the E; value determination is based on the plot of (ahV)? versus hv and by extrapolating the
full line to the abscissa (a denotes the absorption coefficient and hv the photon

energy)[50].Till a deposition temperature of 300°C, the optical band gap does not evolve
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significantly. This parameter is approx. fixed to 2.28 eV. Further increase of the deposition
temperature induces an enlargement of the band gap to 2.43 eV. Lowband gap value, i.e. 2.27
eV, well agrees with the theoreticalone calculatedby S. Lyuet al.(2.28 eV)[20]. Kawamura et
al.[26]obtained a band gap of approx. 2.3 eV. Using spectroscopicellipsometry, Greenaway et
al.[24] obtained a band gap close to 2.0 eV. Recently, Yamada et al.[25]have shown that
MgSnNj thin film exhibits a band gap close to 2.3 eV.

The electrical resistivity and the mobility of MgSnN> thin films grown at different 75, have
been measured using Hall effect measurements (Figure 7).Whatever the deposition
temperatures,MgSnN>films exhibit a n-type behaviour. The electrical resistivity at room
temperature tends to decrease as a function of the temperature. Within the T range, the
electrical resistivity drops from 0.137 (room temperature) to 0.012 Qcm(500°C) although the
band gap increases.This result can be correlated to the increaseof the coherence lengthas
reported by X-ray diffraction(Table 2) and to the decrease of the amount of grains boundaries
in the films deposited at high temperature. Duaneral. havealso reported the same behaviour by
annealing BixTe>7Seo 3 thin films[51]. As well, the mobility vs. the substrate temperature is
presented in Figure7. Compared to the electrical resistivity, the electron mobility increases
with the temperature. Such behaviour was already reported in the literature in indium tin
oxide thin films [52] or in nanocrystalline silicon [53]. These results support our explanation
consideringthat the grain size influencesthe electrical resistivity as previously mentioned. The
electron concentration of MgSnN> thin films was also determined by Hall effect
measurements. Thecharge carrierconcentration varies from 1.8 to 2.9x10*°cm>when T
increases from room temperature to 500°C (Figure 8).Such high values of charge carrier
concentration suggest that MgSnN> thin films may be used as transparent conductive layers in
optoelectronic devices. The first study of the electron concentration in MgSnN> is given by
Greenaway et al[24]for films grown by RF sputtering. They obtained an electron
concentration in the 10'° - 10%° cm™range. Yamada et al.[25] have measured the electron
concentration of MgSnN> for various Mg and Sn contents. They obtained an electron
concentration in the 10'® cm™ range for the Mg rich film and 10?° cm™for Sn rich ones. The
evolution of the optical band gap as a function of the deposition temperature is also reported
in Figure 8. Interestingly, a correlation is obtained on the charge carrier density and the
optical band gap evolution as a function of the temperature. The increase of the optical band

gap could be explained and interpreted using the Burstein—Moss effect (AEgM )due to carrier

11



concentration (n,) in the film. In n-type semiconductors, the optical band gap (Ego Pty can be

expressed as[9]:

" (3n%n,)s (1)

opt _ pint BM __
Eg"" = Eg" + AEgM = Eg + 5

Where Eg}"t is the intrinsic bandgap energy and my, is s the reduced effective mass and is

derived from the valence and conduction band effective masses, mjand m;, according to

1* =—+ 1* . However, theBurstein-Moss effect has been reported for MgSnN.thin films with

"
Myc my mc

a charge carrier concentration higher than 10?° cm™ [25].The Burstein-Moss effect is also
mentioned in similar ternary nitride ZnSnN»>[9,54-57].

In the present work, an experimental reduced effective mass (my,.) has been calculated by
using the data from figure 8. Using the term AE;M from the equation (1),the reduced effective
mass was calculated.In figure 9 the optical band gap was plottedvs. the carrier density over
the power /3. The slope was calculated by fitting these points linearly and was found to be
1.09 x10'* eVem?, leading tom},, = 0.3m,. This value is the first experimental result for

hexagonal MgSnNzhave the same stoichiometrywhileYamada et al. [25] have reported that

calculated m,,is expected to be ~0.7m,for hexagonal MgSnN,withvarious stoichiometries.

3.3. Computed electronic and optical properties

In some previous work, Dumreet al. havecalculated the formation energies of the three
different structures: disordered rocksalt, disordered wurtzite and orthorhombic[19]. The
orthorhombic phase is more stable than the other structures of MgSnN>. One year before,
Greenaway et al. also showed that the Pna2; and Pmc2; (called wurtzite-type) are the most
energetically favourable[24]. Although the XRD and TEM characterisations converged to a
wurtzite ZnO structure, it remains complicated to create a cation-disordered wurtzite-derived
crystal structure with the space group P63mc due to the same positions of random substituted
Mg and Sn atoms. For all these reasons, the two orthorhombic unit-cells with Pna2; and
Pmc2; structures were investigated in the present study. The calculations have been solved
with a number of point k = 5000 within the Brillouin zone and performed with the Wien2K
code. The mBJ functional is based on the optimized effective potential method (OEP). This
correction is as accurate as hybrid functionals for band gap prediction with a lower cost[58].
The band structure and the corresponding density of states for the two structures are plotted in

Figure 10. These electronic calculations confirm the direct band gap of both orthorhombic
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MgSnN; with valence band maximum (VBM) and conduction band minimum (CBM) located
at the I' point of the Brillouin zone. The direct band gaps for the Pna2; and the Pmc2;
structures areEg = 2.34 and 2.23 eV, respectively. Thus, the experimental optical band gap
energy that varies from 2.28 to 2.43 eV (Table 4) are in good agreement with the predicted

ones.

The projected density of states (PDOS) of MgSnN> for the two orthorhombic structures are
represented in Figure 11. We can deduce that the top of the valence band maximum mainly
results from the N-2p contribution with Mg 2pand Sn 5p and 4d states, while the minimum of
the conduction band is dominated by N 2s and 2p with Sn S5s orbitals, leading to sp-
hybridization in tetrahedral coordination. The largest contribution to Sn Ss states is
comparable for both space groups Pna2; and Pmc2; in the lower-energy of the valence band
(below -4 eV) and in the CBM. The two structures exhibits quite similar hybridization
between N-2p and metallic atoms (mostly p states) in the VBM, which implies the presence of

p-p coupling state.

In a previous work, Punya et al. calculated a larger band gap energy but a PDOS with the
same contribution of atoms orbitals[22]. Moreover, by the determination of x, y, z effective
masses for VBM and CBM state, they explained that the low dispersion of the lowest

conduction band is due to the small electron effective mass.

Figure 12a compares the absorption coefficient calculated from UV-vis transmittance spectra
and computed absorption coefficient for the two structures Pna2; and Pmc2;. The interference
fringes correspond to multiple reflections by the different surfaces. The small difference in the
absorption threshold between the Pna2; and Pmc2; is the due to the small deviation in band
gap energy. The best agreement between theoretical and experimental absorption coefficient
is observed for 400°C and 500°C. All the films exhibit coefficient absorption more than
10%cm™! which means that they could be good candidates for optical applications like LEDs
active layers.The refractive index and extinction coefficient are also predicted from
optoelectronic calculations and have been presented in Figure 12b. The same behaviour is
observed for the two space groups with a constant offset for both. In the 0 — 4 eV energy
range, the simulated refractive indexes vary from approx. 2.1 to 2.35 and from 2.0 to 2.1 for
the two structures Pna2; and Pmc2i, respectively. The extinction coefficient started to rise
from the band gap energy to about 0.4 and 0.25 for the two space group Pna2; and Pmc2;.

These values are comparable with the optical properties measured and calculated from
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spectroscopic ellipsometry[24]. The refractive index at different temperatures were given

between 1.9 and 2.3 and the extinction coefficient goes up to 0.2 and 0.5 at 4 eV.

6. Conclusion

Using a reactive co-sputtering process, MgSnNo> thin films have been deposited on fused silica
and silicon substrates at different temperatures. The XRD results showsno metallic phases of
Mg or Sn andthat all samples crystallize in the hexagonal structure. At room temperature
MgSnN; thin film show a random orientation in [002], [102] and [103] directions, while a
strong preferred orientation along the [001] direction is noticed as soon as the deposition
temperature is 100°C. The intensity of the (002) diffraction peak increases with substrate
temperature, indicating a progressive improvement of the film crystalline quality.Based on
TEM cross section observations, MgSnN: films grow with a columnar microstructure.
Mossbauer spectrometry have been used to characterize the chemical environment of tin
atoms. Only Sn** atoms in tetrahedral configuration have been evidenced by Mdssbauer. Such
a result has been also confirmed by XPS analyses. Using Hall effect measurements,the
electrical resistivity and the mobility of MgSnN> thin films grown with different Tsu, have
been measured.As a function of the temperature, charge carrier concentration and mobility
exhibit opposite behaviour. The electron mobility is ranging between0.25 and 1.67 cm?V-ls
while the electrical resistivity drops from 0.137 to 0.012 Qcm. Furthermore, the optical band
gap of MgSnN> thin films could be tuned from 2.27 to 2.43 eV by increasing Tsu. However,
Burstein-Moss effect has been deduced from optical and electrical measurements.Finally,an
experimental reduced effective mass (my,.) was calculated to be my,. = 0.3m,. The DFT
calculations show that the optoelectronic properties of the two most stable phases of MgSnN»
are in good agreement with the films characterised at different temperature. The electronic
band gap energy ispredicted at 2.34 eV and 2.23 eV for orthorhombic Pna2; and Pmc2;,
respectively. Theoretical values of refraction index and extinction coefficient were calculated
according to the photon energy and are close to the measured values reported.Due to the
electrical and optical properties of these films, MgSnN> cannot be considered for application
as light absorbing layer in single junction solar cells. Nevertheless, applications as transparent
conductive layer in optoelectronic devices could be considered. Finally, the prepared MgSnN»
films have the potential to be used as a large-bandgap light absorbing layer of multi-junction

solar cells due to the high conductivity and moderate light absorption ability.
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Table 1: Chemical composition of MgSnN> films prepared at different substrate temperatures

Tsub (°C) N Mg Sn Mg/(Sn+Mg)
(at. %) (at. %) (at. %)
Room temperature 56.5 22.1 214 0.51
100 58.2 20.9 20.9 0.50
200 56.7 21.5 21.8 0.50
300 58.6 21.2 20.2 0.51
400 56.3 22.3 21.4 0.51
500 57.9 21.4 20.7 0.51
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Table 2: Coherence lengthalong [001] of ZnSnNx thin films deposited with different substrate
temperature, extracted from (002) peaks.

Substrate temperature FWHM (002) Coherence length

(°C) () (nm)

Room temperature 0.300 29
100 0.235 38
200 0.216 42
300 0.207 44
400 0.196 47
500 0.184 51
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Table 3: Hyperfine parameters of MgSnNo films (Isomeric Shift and Quadripolar Splitting).

Growth temperature (°C) IS (mm/s) QS (mm/s)
Room Temperature 1.058 0.937
100 1.069 0.938
200 1.063 0.930
300 1.063 0.920
400 1.057 0.910
500 1.049 0.905
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Table 4: The optical band of as-deposited MgSnN> films. The uncertainty of the E, value
determination is £ 0.03 eV.

Tsun(°C) E4(eV)
Room temperature 2.27
100 2.28
200 2.29
300 2.28
400 2.38
500 243
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Figure 1: Specular XRD of MgSnN> thin films deposited at different substrate temperatures.
The indexations correspond to the hexagonal structure type (P6smc). The inset corresponds to
an enlargement of the X-ray diffractograms in the 25-75° range.
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Figure 2: Cumulative X-ray diffractograms obtained at various y angles for MgSnN; films
deposited on fused silica substrates at different substrate temperatures. The indexations
correspond to the hexagonal structure type (P6smc) with lattice parameters a = 3.459 and ¢ =
5.507 A.
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200 nm

Figure 3: Bright field image and the inset shows selected area electron diffraction pattern
(SAED) of MgSnN> films deposited at Tsup= room temperature (a) and at 500°C (d). Dark
field image of MgSnN, films deposited at Tswn= room temperature (b) and at 500°C
(e).HRTEM micrograph and corresponding FFT of MgSnN> thin films deposited at room
temperature (c) and using Tsup= 500°C (f).
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Figure 4:Experimental and simulated ''°Sn Mossbauer spectra of MgSnN.
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Figure 5: XPS analysis of MgSnN> films. High resolution spectra of (a) Mg 1s, (b) Sn 3d, (¢)
N 1s core levels, (d) Mg KLL Auger and (e) XPS valence band spectra of film deposited at
different temperatures.
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Figure 6: Transmittance of MgSnN> thin films grown at various deposition temperatures.
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Figure 7: Evolution of the electrical resistivity (in red) and of the electron mobility (in blue)
of MgSnN> thin films as function of deposition temperature
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Figure 8: Influence of the deposition temperature on the electron density (in red) and the
optical band gap of MgSnN thin films.
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Figure 9: optical bandgap of MgSnN> thin films as function of the electron density to the
power 2/3.
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Figure 10: Electronic band structure with the corresponding band structure of MgSnN> for
the two orthorhombic structures: a) Pmc2; and b) Pna2;.
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Figure 11: Projected density of states of MgSnN»> in two different structures: a) Pmc2; and b)
Pna2;.
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Figure 12: a) Comparison between experimental (at different temperatures) and calculated
absorption coefficient for two orthorhombic space groups. b) Simulated refractive index and
extinction coefficient for MgSnN> in Pna2; and Pmc2; space group.
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