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ABSTRACT: Zinc tin nitride (ZnSnN,) is a promising semiconductor candidate for solar cell applications and optoelectronic de-
vices. However, the practical use of this material has been limited by several issues as, among others, oxygen contamination, a very
high concentration of free carriers and the difficulty to reach the theoretically predicted band gap. Here, we deposit thin films of
ZnSnN, by reactive DC magnetron cosputtering at room temperature with an RF bias power (Pp) in the range 0-50 W. Using first
principle calculations, we explore the structural and opto-electronic properties that are favorably compared to experimental results.
We demonstrate that the optical band gap energy can be decreased from 1.7 eV to 1.34 eV, close to the predicted value of 1.37 eV.
The free electron concentration is decreased down to 10"” cm™ which results in the reduction of the absorption by free electrons in
the IR range. In addition, in a given range of applied bias powers, we observe a densification of the films and significant decrease
of their oxygen contamination from 6.7 down to 2.0 at. % . The study underlines that a value of 20 W power bias leads to the opti-
mal structural, optical and electrical properties. Our results provide an interesting method to obtain a potential candidate for photo-

voltaic application, in an environmental friendly way, for a low-cost industrialization.

INTRODUCTION

Since the dawn of the 21% century, the constant research of
new renewable energy sources has become a global challenge.
To overcome the massive exploitation of polluting fossil fuels
and the energy needs of the world’s growing population, the
solar energy conversion requires new materials to design pho-
tovoltaic cells and improve their efficiency. ZnSnN, (ZTN) is
an alternative to the 111-V compounds composed of Ga and In,
which became expensive due to the depletion of the mining
resources’. Zn-IV-N, is a potential candidate’s family of com-
pounds constituted by earth-abundant and nontoxic elements.
Some groups have already investigated the use of ZnSnN, as
an absorbent layer in solar cells.”*

ZnSnN, provides a tunable band gap energy and a high ab-
sorption coefficient.> ¢ The Zn-1V-N, type compounds would
cover a large part of the solar spectrum for bandgap energies
ranging from 1.4 eV (ZnSnN,) to 5.7 eV (ZnSiN,).” The struc-
ture of these compounds is closely related to the 111-N semi-
conductor ones with Il1= Al, Ga, In, which are thermodynami-
cally stable, and where the element of column Ill is replaced
by a sublattice of zinc and atoms of column IV (Si, Ge, Sn).?
The structure of this family of semiconductors is not well
defined; the most stable one is orthorhombic with 16 atoms
per unit cell: 4 atoms of zinc, 4 atoms of column 1V elements
and 8 atoms of nitrogen. The space group of this structure is
Pna2, corresponding to the B-NaFeO,-type. The other possible
structure is the wurtzite-like known from the (Al, Ga, In)-N
family structure with a hexagonal space group lattice P6;mc.
The difference between these two structures is the organiza-
tion of the cation sublattice: the orthorhombic structure is

ordered while the wurtzite one is disordered because the Zn
and the atoms of column IV are randomly positioned.* *°

The first work concerning the growth of ZnSnN, thin films
by plasma-assisted molecular beam epitaxy (PAMBE) was
published in 2011." Since this article, the number of papers
has continued to increase in both theoretical®®*® and experi-
mental approaches; scientists attempt to understand structure-
properties relationships in order to discover a class of materi-
als that can compete with the actual photovoltaic absorbers
market leaders."” Synthesis techniques progressed significant-
ly, from plasma-assisted vapor—liquid—solid technique,'® RF
and DC magnetron sputtering,' % metathesis reaction under
high pressure,” combinatorial reactive sputtering using
Zn—Sn;N, alternative layers,? to PAMBE with ZnO buffer on
Al,O; substrate.® However, the optoelectronic properties of
these materials are still challenging and not really mastered
due to the huge disparity between the results of the various
studies. Many theoretical studies have been carried out to help
the understanding of experimental observations. In 2013,
Lahourcade et al. proposed an approximation of the band gap
energy value of Eg = 1.42 eV for an orthorhombic ZnSnN,
structure with a hybrid functional (HSEO06), which is, nowa-
days, one of the most accurate.™

One of the main challenges in the study of ZnSnN, is the
difficulty to reach low carrier concentration because of the low
formation energy of the donor-like intrinsic defects. Most of
the time, high n-type carrier concentration in the range of
10"-10% cm are obtained.” * ** Postannealing treatments
have been demonstrated to be a viable route for lowering the
carrier concentration (in the range of 107-10% ¢cm™) in stoi-
chiometric films.*” * Another route is the deposition of films

1



with over stoichiometry in zinc to suppress the Zng, defect. In
this way, a carrier concentration of approximately 4x10'® cm™
has been reported for Zn; 355Ny 6N, thin films.** A good mas-
tering of carrier concentration in the range of 10— 10%° cm™
was reported for amorphous and microcrystalline ZTN films
obtained by RF magnetron sputtering.*
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Figure 1. Comparison of experimental band gap energy obtained
in the literature (colors) for ZnSnN,, using different methods of
synthesis at different deposition temperatures (symbols), with the
calculated band gap energy and the experimental optical band gap
energy of this WOTkZ' 4,5,7,9,11,18-22, 24-42

So far, few works have investigated oxygen contamination
in ZnSnN, thin films. A previous experimental work, accom-
plished in our group, highlighted the content of oxygen at the
column boundaries, by EDS measurements in STEM mode
and Mosshauer experiments.”® A theoretical work studied the
disorder caused by unintentional oxygen incorporation, by
considering the additional effects of nonequilibrium synthesis,
off-stoichiometry and disorder.”® In ZnSnN,, atomic substitu-
tion is possible also on cation Zng, and anion Oy sublattices.”’
In other nitrides such as InN, high free carrier densities due to
unintentional oxygen incorporation led to degenerate carrier
doping and an overestimation of the bandgap by more than 1
eV due to the Burstein—-Moss shift.* It appeared that the unu-
sual doping did not depend on O content, but resulted from the
composition, which induced changes in the electronic struc-
ture. To reduce oxygen contamination and to improve
physico-chemical properties, a new approach was investigated
by the use of bias during film growth.* It is well-known that
the film properties are governed by the processing parameters
as pressure, temperature, and bias voltage among others. A
negative bias voltage applied to the substrate can significantly
improve the ionization and energy of the sputtered particles
and 4e9nhance the film crystallization by increasing the grain
size.

Moreover, by reviewing the optical band gap energy ob-
tained during ten years in the literature (Fig. 1), we noticed
that most of the groups have used temperature-dependent
parameters. To find a low-cost industrialization process, we
decided to change the way of working by using room tempera-
ture sputtering with bias during the growth of the films.

In this study, we report the use of a negative bias applied to
the substrate holder, ranging from 0 to 50 W, during reactive

co-sputtering of ZnSnN, films. The resulting modifications of
the film morphology, the texture, the oxygen content and
distribution as well as the optical and electronic properties will
be presented and detailed.

EXPERIMENTAL SECTION
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Figure 2. Representation of the reactive bias magnetron co-
sputtering apparatus and an image of the actual deposition
chamber during a growth of ZTN.

A schematic representation of the reactive magnetron co-
sputtering apparatus used in this work is illustrated in Fig. 2,
which is an equipment composed of four targets in confocal
position relative to the substrate. ZTN films were deposited by
direct current (DC) magnetron co-sputtering on intrinsic Si
(100)-oriented wafer and soda-lime glass substrates. Two
metallic targets (2.00” diameter and 0.125” thick) of tin and
zinc (purity higher than 99.9%) were used as sputtering
sources, in pure reactive nitrogen gas, without external heat-
ing. The deposition system was arranged with a load lock
chamber to facilitate substrates exchange. The substrates were
cleaned with ethanol and dried with compressed air gun before
their introduction into the deposition chamber. Via mechanical
and turbo-molecular pumps, the base pressure in the chamber
was systematically lower than 107 mbar. Preceding the depo-
sition, the substrates were cleaned in situ by radiofrequency
(RF) sputter etching (50 W during 10 min) using a mixture of
Ar/N, (1/3). The addition of argon in the gas mixture for the
target cleaning allowed for improving the efficiency of this
step. The target to substrate distance was fixed at 9 cm (the
smallest distance available). Constant currents of 0.10 A and
0.25 A were applied to the zinc and tin targets, respectively. A
presputter step of 2 min with the same current targets was
performed. The nitrogen flow rate was adjusted to 30 sccm
and a working nitrogen pressure of 1 Pa was used. The total
pressure was measured using a Baratron gauge.

A RF (13.56 MHz) bias power (Pp) between 0 and 50 W was
applied to the substrate holder during the deposition step. To
ensure chemical homogeneity of the films, the substrate holder
was rotating (10 rpm). ZTN films were deposited without
intentional heating. The self-established temperature at the
substrate was measured using a thermocouple and did not
exceed 80 °C during growth. The deposition duration was
fixed at 30 min leading to a thickness higher than 1 pm.

The structure of the samples was studied by X-ray diffrac-
tion (XRD) measurements in the Bragg-Brentano configura-
tion with Cu Ka radiation (4 = 0.15406 nm) using an AXS
Bruker D8 Advance diffractometer. To characterize the film
morphology, top and cross-sectional scanning electron micro-
graphs were taken using a Zeiss Gemini 500 scanning electron
microscope (SEM). The film thicknesses were also measured
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on the cross-sectional micrographs. The obtained values were
in agreement with thickness measurement using a stylus
profilometer. Transmission electron microscopy (TEM) inves-
tigations were carried out using a JEM - ARM 200F Cold FEG
TEM/STEM operating at 200 kV and equipped with a spheri-
cal aberration (Cs) probe and image correctors (point resolu-
tion 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 surface
topography of the films and root mean square (RMS) rough-
ness (R,;) were examined in resonant mode using a Nano-
Observer Atomic Force Microscope developed by
CSInstruments.

The chemical composition of the samples was determined by
wavelength dispersive X-ray spectroscopy (WDS) using a
JEOL JXA-8530F instrument. Zn, Sn, Fe,;N and MgO were
used as standards to measure the Zn, Sn, N and O concentra-
tions, respectively. For each sample, the reported chemical
compositions were obtained by averaging 100 different spots
measured on the surface (~ 200x200 pm?). This method is
more accurate to determine the concentration of light elements
as nitrogen and oxygen.

The optical UV-visible absorption measurements were per-
formed in the 200-2500 nm range using Varian Cary 7000
UV-Vis-NIR spectrometer with in an UMA configuration. A
correction for substrate reflection has been done to determine
the band gap energy by Tauc plot method.”>>* The total meas-
ured transmittance is given by T,,,,. To suppress the influence
of the substrate (T,»s), We corrected the film transmittance with
ed. (1). Then, the absorption coefficient a was calculated consid-
ering the film thickness d and the film transmittance Tg;;, (eq.

@)

Trim ~ =22 (1) @
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Finally, an estimate of the band gap width, Eg, was determined
from a plot of
(wa) =B(hw—Ex)" 3

where n = 1/2 is used for ZnSnN, because it is a semicon-
ductor with direct allowed transitions based on band calcula-
tions.>® B is a constant called the band tailing parameter. The
refractive index, n;, and the extinction coefficient, k;, were
determined using a modified FTIR spectrometer to record
reflection-transmission spectra of thin film semiconductor.®®
The constants n; and k; were calculated using the optical char-
acterization method of Poruba et al.>” with the following equa-

tions
_ar 1+ /Riq
ke =-- and np=ng - . (4)

where Rg;, is the reflectance of the sample from the substrate
side and n, the substrate refractive index.

FIRST-PRINCIPLE CALCULATIONS

Density functional theory (DFT) geometry relaxation were
carried out using the plane-wave Vienna ab initio simulation
package (VASP).®** The generalized gradient approximation
(GGA) in the PBE (Perdew-Burke-Ernzerhof) form was used
for the exchange-correlation potential. For the 16-atom ortho-
rhombic unit cell of ZTN, the k-points 9x8x7 Monkhorst-Pack
were used for Brillouin-zone integration. All lattice vectors

and atomic positions were fully relaxed by minimization of the
guantum mechanical stresses and forces using the projector-
augmented wave (PAW) method. The cut-off energy for
plane-waves was set to 520 eV. For the electronic band struc-
tures we used the full-potential linearized augmented plane
wave (FLAPW) approach, as implemented in the WIEN2K
code.”’ In this method, a plane-wave cutoff corresponding to
RutKmax= 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 Imax
= 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 functionals are known to
underestimate experimental band gaps, we used the modified
Becke-Johnson (mBJ) functional which leads to excellent
agreement with the experimental values for the energy separa-
tion between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO).** We
used 5000 k-points in the BZ to compute the band derivatives
and the density of states.

RESULTS AND DISCUSSION

Structure and morphology. Table 1 shows the chemical
composition of the deposited films synthesized using different
bias. Within the deposition conditions described overhead, a
quite constant value of the atomic ratio Zn/Zn+Sn is obtained
(0.53 + 0.01) for all the samples.

Table 1. Chemical compositions of ZnSnN, films prepared
at different bias powers.

Py (W) Zn Sn N O Znl(Zn+

(at. %) (at. %) (at. %) (at. %) Sn)
0 254 22.0 45.9 6.7 0.54
10 25.7 235 48.9 2.0 0.52
20 25.6 23.8 48.5 2.1 0.52
30 25.3 23.3 47.7 3.7 0.52
40 26.3 234 46.2 4.1 0.53
50 26.6 24.0 45.7 3.7 0.53
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Figure 3. X-ray diffractograms of ZTN films deposited on
silicon substrate by varying the bias power from 0 to 50 W.

Table 2. Deposition rate of ZnSnN, under different
substrate bias power (from 0 to 50 W).

ow mnow 20w 30W 40W 50W

Dep. Rate
(x0.01 0.6 0.56 0.55 0.55 0.52 0.53
nm/s)



1.0 kv x 30.0 KC

x 50.0 KC

x 30.0 KC x 30.0 KC

Figure 5. Cross-sectional SEM images of ZnSnN, films at different bias powers.

Table 3. Experimental lattice parameters based on
wurtzite structure deduced from X-ray diffractograms.

ow ow 20w 30w 40W 50W

a(d) 3405 |/ / / / /

c(A) 5501 5504 5500 5491 5503 5498
Crystallite - 68 60 52 29 20
size (nm)

From these values, it appears that the atomic contents of Zn
and Sn slightly increase with the applied bias while the atomic
content of oxygen decreases by 3 times, from 6.7 to 2.0 %
from 0 W to 20 W bias power. Generally, metal nitride films
would contain oxygen from residual oxygen in the growth

chamber and adsorbed H,O and O, by the film surface after
deposition, under exposure to the ambient air. The decrease of
the oxygen concentration of the films under the influence of a
bias can be interpreted considering firstly a preferential re-
sputtering of oxygen atoms by nitrogen ions during their
growth and secondly by their densification limiting their oxi-
dation after growth.

Table 2 confirms the resputtering of the deposited materials
due to the energetic ion bombardment.®*® In fact, the deposi-
tion rate decreases with the increase of the bias power. Even if
pure nitrogen is used, then the effect of the bias plays a part in
the reduction of the hydrogen content. Different studies on
nitrides showed the effect of the bias, in reactive atmosphere,
on the decrease of oxygen due to the bias-induced change
morphology and the preferential resputtering.®*®’
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Due to the preferential re-sputtering of light elements, the
atomic ratio of non-metallic atoms to metallic ones ((N + O) /
(Sn + Zn)) decreases from approximately 1.11 (for unbiased
film) to 0.98 (50 W). The chemical composition of films de-
posited on silicon substrates differs slightly from the expected
one because of the presence of oxygen: for an unbiased film,
the composition Zn; ;SN gsN18400,7 indicates a possible tin
under-stoichiometry but also a nitrogen depletion due to the
high oxygen content, compared to a 20 W bias film with
ZN1.02SN0.95N1.0400.09 COmMposition. Consequently, a bias of 10
or 20 W is high enough to reduce the unintentional contamina-
tion by oxygen.

The influence of the bias power applied during growth on
the film structure was also studied. Figure 3 shows the X-ray
diffractograms of highly crystallized thin films on silicon
substrate. We have checked that the use of soda lime glass
substrate does not affect the film structure. Several results in
the literature report that magnetron-sputtering method is a
suitable approach to obtain crystallized ZnSnN, on different
substrates at 250 °C, 450 °C and 300 °C, respectively.'*3*%
The crystal structure of this family of 11-1V-N, semiconductors
is controversial since several structures are proposed : a fully
disordered cation sub-lattice correlates with a wurtzite ZnSnN,
structure, whereas some authors claim that the orthorhombic
structure with a mixture of two orthorhombic phases Pna2;
and Pmc2, can lead to disordered materials.®® In this study, the
XRD profile of these samples is consistent with the simulated
XRD pattern for the disordered-wurtzite phase (ZnO) P6smc
structure and with the lattice parameters summarized in Table
3. We observe a transition in the structure of the six samples:
the unbiased sample exhibits five peaks of low intensity at 26
of 32.46°, 34.49°, 45.13°, 59.32° and 64.38°, corresponding to
(002), (101), (102), (103) and (212) planes, respectively. By
increasing the applied bias power, some peaks disappear and
only two peaks are evidenced at 32.46° and 68.09°, corre-
sponding to (002) and (004) planes respectively, which reach
their maximum value at 30 W (see Fig. S1 of the Supporting
Information). For biased films, the diffractograms exhibit the
same strong preferred orientation along the [001] direction
indicating that the bias has a favorable effect on the preferen-
tial orientation of the ZTN films. Furthermore, it remains
challenging to determine the film structure based on these
data. Only two peaks near 20°, corresponding to (110) and
(011) planes could be used to differentiate the orthorhombic
Pna2; structure from the hexagonal one. However, these peaks
are not observed in this region. It can be due to either a very
weak intensity of these peaks or to the cation disorder of the
sublattice.*

It underlines that further investigations are necessary to con-
firm the structure of this series of ZTN films. The a and ¢
lattice parameters have been extracted (Table 3) from the X-
ray diffractograms reported in Fig. 3. Due to the strong prefer-
ential orientation of our films the a lattice parameter value
could be obtained only for the unbiased sample. The c lattice
parameter value, which was obtained rather accurately, can be
compared with the values reported by Lahourcade et al, Deng
et al. and Kawamura et al. that is 5.52 + 0.01 A, 5,498 A and
5.464 A, respectively.”*# The theoretical work of Senabulya
et al. predicts ¢ = 5.542 A, referenced to the Pna2, symmetry
group with the PBE function.® The ¢ parameter is the most
accurate due to the strong preferential orientation in our films.
The crystallite size was calculated by Scherrer's equation with
a K factor of 0.9. We observe that the crystallite size increases
up to about 68 nm when a 10 W bias is applied and then de-

creases with the bias power up to approximately 20 nm for the
50 W bias sample.
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Figure 6. Surface roughness (1 pm? analysis) of ZnSnN, films
deposited using different bias powers with corresponding AFM
images.

Figs. 4 and 5 display the SEM images of the ZTN films de-
posited on silicon substrates with different bias powers. By
combining top and cross-sectional views, it is highlighted that
the application of a bias on the substrate changed the mor-
phology of the films. As in previous works,**% the same
microstructure of ZnSnN, is observed: all the films exhibit a
columnar structure. However, two phenomena seem to com-
pete. On the one hand, the column width seems to increase
with the power bias, inducing a decrease of the number of
grain boundaries and, from 0 W to 30 W applied power, the
films become denser and smoother. On the other hand, the
shape of the column surface changes as the bias power is
increased, moving from non-faceted to faceted grains. This
result is clearly distinguishable on the surface images of the 40
W and 50 W biased samples. It is also relevant to notice that
these higher bias powers alter the densification of the films.

This is why we believe that the reduction of oxygen concen-
tration with increasing bias power at low powers is counter-
balanced at high powers by its higher diffusion through those
wider grain boundaries (Table 1) favoring its incorporation.
Adding to these observations, atomic force microscopy (AFM)
analyses have been performed to get more quantitative infor-
mation on the film roughness. The surface morphologies evi-
denced by AFM are quite similar to those observed by SEM.
The roughness of the films has been summarized in Figure 6.
The AFM results confirm the observation made in the SEM
images, i.e. a minimum value of 2.1 nm RMS surface rough-
ness is noticed at 20 W bias power and an increase by a factor
4 to 5 is observed for the higher bias power range. We also
observed the same trends for a larger scale of AFM images,
which confirmed the homogeneous morphology og these films
(see Sl figure S2). These values are similar to those reported in
a previous work using combinatorial RF magnetron sputtering
with R, around ~4.5 nm.* This rough surface may arise from
the resputtering effect, which is due to the bombardment of
high-energy ions from the plasma.” The same trend has been
reported by Han Kim et al. for silicon nitride, where both a
surface roughness 4 times lower and a transition from an open
columnar structure to a dense smooth film were observed
when applying a bias.**



The microstructure of unbiased, 20, 40 and 50 W biased
films has been characterized by TEM in cross section (Fig. 7).
Columnar microstructure observed by SEM (Fig. 5) is clearly
confirmed by TEM micrographs for all the samples (Figs. 7a,
b, d, f, S3 and S4). This columnar microstructure is a well-
known structure of sputtered ZnSnN, films and more generally
of sputtered nitride compounds.”

The width of the columns for the unbiased sample is ranging
between 10 and 95 nm with a large heterogeneity of grain size
along the film thickness (small close to the film-substrate
interface and large close to the film top surface, Fig. 7a). With
increasing bias power the column width becomes more homo-
geneous (~ 60 nm at 20 W, Fig. 7b), homogeneity that de-
creases at higher biases (see Fig. 7d for 40 W of bias). Two

50 nm™

95 nn'l\' ‘

200 nm

65 nm

representative electron diffraction patterns are added and
indexed considering a [100] zone axis (Figs. 7c, 7e). These
diffraction patterns validate the growth direction along the c-
axis evidenced by X-ray diffraction. Since diffraction spots are
seen in the SAED pattern, each column can be considered as a
single crystal for the 20 W bias film. The 50 W bias film ex-
hibits a microstructure different from that observed for lower
bias values (Fig. 7f). Indeed, a dense interlayer of 70 nm of
polycrystalline ZTN appears close to the substrate and a 250
nm thick layer, which also contains small grains, is observed
above it. Finally, a columnar ZTN is evidenced. Such a disor-
dered microstructure may be explained considering that the
impinging nitrogen ions have a too high energy disturbing the
nucleation of ZTN columns.

C) Zone axis [100]

N
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Figure 7. TEM characterization of ~1.3 pm thick films deposited on silicon substrate using the following bias powers unbiased, 20, 40 and
50 W. (a), (b) and (f) Dark field image obtained with the 002 spot. (c) Electron micro-diffraction pattern on one column in the 20 W film
along [100] zone axis. (d) HRTEM of the columnar surface on the 40 W sample. (€) HRTEM of a column on the 40 W sample. The inset

shows the FFT (Fast Fourier Transform) from the red box.

EDS analyses in STEM mode have been completed on the
20 W bias film to study the atomic element concentrations
along a horizontal line profile across some columns (Figs. 8a
and b). In a previous work on unbiased ZTN by Alnjiman et
al. a nitrogen depletion was observed at the column bounda-
ries while the oxygen concentration increases up to 12 at.%.%

This excess of oxygen concentration can be explained by an
oxidation coming from the diffusion of oxygen molecules into
the grown film under ambient air exposure. In the present
study, by applying a 20 W bias, we succeeded in reducing the
oxygen content at the grain boundaries by densifying the film.
In fact, the composition of the layer remains the same along
the EDS transversal acquisition line.

Optical properties of ZnSnN,. The transmittances in the
UV-visible NIR range of the different samples are depicted in
Fig. 9. Transmittance shows a strong variation in the absorp-
tion threshold as the bias power increases with a red-shift of
the absorption edge and, for 30 W bias and above, the films
are transparent in the visible region. The multiple interference
fringes are due to multiple reflections by the different interfac-
es: air, ZnSnN, layer and glass substrate. We observe two
different behaviors : first of all, the unbiased and 10 W biased
samples show a transmittance decreasing for wavelengths
higher than 1500 nm. This absorption could be due to the
presence of free carriers responsible for plasmon resonance
effects. However, the films up to 20 W bias exhibit a constant
transmittance after 1500 nm, which corresponds to a semicon-
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ductor behavior. By increasing the bias power, up to 50 W, a
new type of behavior appeared with a slow increase in trans-
mittance between 1000 and 2500 nm (limit of wavelength
measurement). For direct band gap material, a very abrupt
increase in transmittance is expected when the photon energy
reaches the gap energy value.
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Figure 8. a) Annular dark field - STEM image of the 20 W
ZnSnN, thin film. The blue dots on the line indicate the positions
of EDS measurements. b) Corresponding transversal chemical
composition along the line.
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Figure 9. Transmittance spectra of the ZnSnN, films deposited on
glass substrate for the different applied bias powers.

For the samples deposited at biases of 20 W and higher, a
slow increase of the transmittance with wavelength is ob-
served. We can attribute this behavior to the presence of band
tails created by disordered phases (microcrystalline or amor-
phous) of the materials. Such disordered phases are observed

in the SEM picture of Fig. 5 for samples deposited with bias
power higher than 30 W. The impact of the band tails is also
observed on the exponential increase of the absorption coeffi-
cient with increasing energy of the incident light (see Sl Fig.
S5). Besides, a decrease of the transmittance at large wave-
lengths is observed for the 0 at 10 W samples that can be
attributed to intra band transitions.

3.0 T T T T T T 0.7
|

—E—n 0.6
2.94 ' ) e
—o— kr / 74. g
o n L05 ©
2.8 / %
5 o > L0.4 8

k]

£ 274 n g
F0.3 ‘=
D g
261 L. Lo2 8
[ ) ./ TT—nm L

2.5 T T T T T T 0.1

0 10 20 30 40 50
Bias Power (W)

Figure 10. Optical parameters n; and k¢ at 730 nm for film biases
between 0 and 50 W deduced from UV-Vis. transmittance data.

Figure 10 represents the refractive index and extinction coef-
ficient values determined at the wavelength 2 = 730 nm (1.7
eV, i.e. just above the highest band gap) using an FTIR spec-
trophotometer. The refractive index decreases from 2.7 down
to 2.54 with increasing bias power up to 30 W. Then, we ob-
serve an increase, up to 2.95, for higher bias powers. This
evolution of the refractive index may be linked to evolution of
the compactness of the material with the deposition condi-
tions.”" The reduction of the refractive index could then be
explained by the increase of the grain size and a better homo-
geneity of the material at low bias power. Javaid et al. report-
ed the same phenomenon with a decrease of the refractive
index from ~ 2.43 to 2.30 at 730 nm for as-deposited an an-
nealed ZTN.? Another study on the effect of the deposition
temperature reported a refractive index of ~ 2.45 at the wave-
length of 730 nm for an as-deposited film.”’ However, the
extinction coefficient, that is the imaginary part of the refrac-
tive index: n; = n¢ +ik;, is linked to the absorption coefficient.
At 730 nm the absorption coefficient raises and so does the
extinction coefficient, from 0.16 to 0.58. If we compare those
values of optical constants with the calculated ones using
WIEN2k (see Sl Fig. S6), we can notice a rather good agree-
ment of calculated values with those of the film deposited at
10 W. At 730 nm, the calculated refractive index and extinc-
tion coefficient are 2.43 and 0.23, respectively. (see Sl Fig.
S7).

The effect of the bias power on the band gap is depicted in
Figure 11a. The determination of the band gap energy is given
by the intercept of the linear extrapolation of the curve (ahv)?
versus photon energy to the abscissa axis (see Sl Fig. $8).” As
a function of the bias power, the band gap evolves in the 1.34
— 1.7 eV range. When the bias power increases, the band gap
energy clearly decreases progressively to reach a value close
to Eg = 1.37 eV calculated by DFT with a hybrid functional
(mbj) represented on the band structure and the corresponding
PDOS (Figs. 11b,c). These calculations were performed with
the Wien2K code using a functional based on the optimized
effective potential method (OEP). The calculations are solved
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with a number of points k = 3000 within the Brillouin zone.
The band structure calculations confirm the direct band gap of
ZnSnN, with valence band maximum (VBM) and conduction
band minimum (CBM) located at the T" point of the Brillouin
zone. The projected density of states (PDOS) is represented in
Fig. 11b. We can deduce that the top of the valence band max-
imum mainly results from the hybridization of N 2p and Zn 3d
states, while the minimum of the conduction band is dominat-
ed by N 2s and 2p and Sn 5s orbitals. The particularity, found
by Pandey et al., that a highly dispersive isolated band con-
structs the CBM, is observed on the band structure.®

The difference between theoretical and experimental values
of the optical band gap could be attributed to the Burstein-
Moss effect as it was in InN*® (Fig. 11d). Indeed, the excess of
electron carrier concentration in some degenerate semiconduc-
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tor pushes the Fermi energy level in the conduction band The
excess of electrons populating this band leads to intra band
transitions for low photon energy resulting in a decrease of the
transmittance at large wavelengths as observed for the 0 and
10 W biases. The use of bias during the growth reduces the
oxygen contamination and then may contribute to reduce this
Burstein-Moss shift of the apparent band gap down to the
theoretical band gap energy prediction. This assumption con-
cerning the Burstein-Moss effect, associated with different
doping levels and/or strains in the samples, has been proposed
by Lahourcade et al. for the same nitrides materials." Howev-
er, the Burstein-Moss effect cannot explain the decrease of the
band gap observed for the sample deposited with a bias of 50
W.
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Figure 11. a) Band gap energy determined by Tauc plots. b) Projected density of States (PDOS) of ZnSnN,. c) Electronic band structure of
ZnSnN,. d) Schematic illustration of the Burstein—Moss shift in the apparent band gap caused by an excess of electrons.

Table 3. Hall Effect measurement results of the samples on silicon substrate depending on applied bias power. The activa-
tion energy values are deduced from I-V experiments vs temperature in planar configuration.

Py (W) TYPE n (cm?®) o (Scm™) i (cm2v-isth) Ea (meV)
0 n-type (3.30£2.23)x10" 1.47+0.01 2.8+1.1 38+1
10 n-type (1.13£0.22)x10" 2.22+0.01 12.6+2.5 63+1
20 n-type (1.07£0.02)x10" 0.680.01 39.60.6 88+1
30 n-type (2.25+0.06)x10" 0.250.02 6.9+0.2 94+1
40 n-type (1.34£0.37)x10" 0.26+0.02 1.2+0.3 105+1
50 n-type (5.05+0.32)x10"" 0.57+0.01 7.0£0.5 98+1



Electrical properties of ZnSnN,. The electrical properties
have been measured by Hall effect at room temperature and by
I1-V experiments in planar configuration for several tempera-
tures. These measurements provide information on the type of
material (n or p), on the density and mobility of the associated
free carriers as well as on the activation energy. The results of
the Hall measurements are summarized in Table 4. The well-
known n-type of the ZTN was confirmed for all the films. The
charge carrier concentration of biased ZnSnN, thin films ex-
hibits a minimum value of 1.1x10* cm* for a bias power of
20 W which is almost one decade lower than obtained under
the unbiased condition. This result confirms the assumption
stated in the previous paragraph: the electron concentration n
in the conduction band has been reduced by adding a bias
during deposition. The electron mobility, p, also shows a
maximum at 20 W with a high value of ~ 40 cm2V's™. The
conductivity, o; decreases from 1.43 to 0.25 Scm™ from 0 W
to 30 W bias films and increases up to 0.57 Scm™ at 50 W.

The electrical properties of ZnSnN, were controversed in the
previous literature and vary in a wide scope. In 2013,
Lahourcade et al. gave a first approximation of electron con-
centration on RF films sputtered ranging from ~ 5x10*° cm™ to
~ 1x10* cm>" The same year, Feldberg et al. obtained
PAMBE-grown ZnSnN, films with free electron density in a
narrower range from ~3x10%® ¢cm? to ~1x10%* cm®, and re-
ported a mobility of 10 cm>V '.s'.** Finally, in 2016, Qin et
al. succeed to decrease the carrier concentration of DC magne-
tron sputtering films to ~7x10" cm™ after a 350 °C post an-
nealing treatment.?” In the different references, there is no
detailed information regarding the duration between the films
synthesis and the electrical properties measurements or the
samples storage conditions before the electrical measurements.
In the present study, we observed that the conductivity values
change during the first days after synthesis. This non-reported
phenomenon should require further information.

The conductivity o of all the samples was also measured at
room temperature using I-V experiments in planar configura-
tion. The evolution of the conductivity according to the bias
power is in good agreement with Hall effect measurements
(see Sl Fig. S9). Then, the temperature dependence of o was
measured under vacuum in the range 200-450 K with a 10 K
step. At all the temperatures we have observed an Ohmic
behavior of the contacts. Two different conduction mecha-
nisms were found. Below 300 K the predominant mechanism
of conduction is clearly 3D variable range hopping between
localized states in the vicinity of the Fermi level whereas
above 300 K the conductivity is dominated by transport of
carriers in the extended states. The variable range hopping is
characterized by a variation of the conductivity following the
equation”

o(T) = aypexp [— (T/To)1/4] ) (5)

SI Fig. S9 shows that, indeed, we observe this regime of
transport at low temperature in the films under study. Above
300 K the dominant transport path seemed to be via free carri-
ers in the extended states and the conductivity follows an
Arrhenius law™

o(T) = opexp [— (Ec — EF)/ka] . (6)

The films being n-type, from this measurement the activa-
tion energy E, = E. — E¢, can be extracted. SI Fig. S11 displays
the variations of the conductivities of the films with tempera-
ture following an Arrhenius plot. For the unbiased sample, the

conductivity exhibits a weak evolution with temperature with
a very low E, value of 40 meV whereas for the samples biased
at powers higher than 20 W, a significant temperature depend-
ence is observed with an E, value around 0.10 eV (see Table 4
and Sl Fig. S12). In this range of bias powers E, remains con-
stant suggesting a Fermi Level pinning due to the density of
state in the band tails. These results confirm the optical meas-
urements conclusions that for 0 and 10 W, the Fermi level is
very close to the conduction band, leading to a high population
of electrons inducing extra absorption at long wavelengths,
whereas for bias powers of 20 W and above, the Fermi level
moves deeper in the gap, away from the conduction band,
suppressing this effect.

These very low activation energies measured at low applied
biases suggest that the deposited films are degenerated. The
conduction band is therefore highly populated and it explains
the decrease of the transmittance for high wavelengths due to
intra band transitions. It suggests also that the Fermi level is
not located in the conduction band. This fact is reinforced by
the observation of 3D variable range hopping at low tempera-
tures for all the films. Indeed, if the Fermi level was pinned in
the extended states we would not observe such a hopping
transport. Therefore, it seems difficult to invoke the Burstein-
Moss effect to explain the large band gaps observed at 0 W
and 10 W of bias. The evolution with the bias power of the
structure of the material, orthorhombic, hexagonal or a mix-
ture of both, combined with an evolution of the disorder, could
be an alternative explanation of the gap evolution from 0 W to
20 W applied bias as well as from 40 W to 50 W applied bias
where the gap drops from 1.42 eV down to 1.34 eV.

CONCLUSION

The influence of the bias power on the microstructure, compo-
sition, and optoelectronic properties of the deposited ZnSnN2
thin films has been highlighted.

In a small range of bias powers (10 to 30 W), we obtain
films with a better homogeneity of the columnar structure,
larger crystallites, a higher compactness, a smoother surface,
and a low and homogeneously distributed oxygen content. We
also have observed a decrease of the band gap that reaches the
expected value from ab initio calculations. With a small bias
power (20 W), the lowest value of the electron density associ-
ated with the highest mobility value have been obtained.

However, the applied bias power does not minimize the
disorder of the material responsible for the presence of large
band tails. In addition, large bias values are even responsible
for the presence of disordered phases at the beginning of the
deposition. This disorder certainly has an impact on the
transport properties and more work is needed in the future to
gain better control of it.

Despite this issue, the use of bias power definitely has a
positive impact on material quality. The encouraging results
regarding the optical and electrical properties confirm that the
application of bias power at room temperature may allow this
semiconductor to reach the expectations predicted by the pre-
liminary theoretical studies. Moreover, it seems like a 20 W
power bias is the optimal parameter to obtain a compromise
between the best microstructural and optoelectronic properties.
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