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Determination of the basic optical parameters of ZnSnN,
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Polycrystalline ZnSnN; thin films were successfully prepared by DC magnetron sputtering at room temperature.
Both the as-deposited and annealed films showed n-type conduction, with electron concentration varying between
1.6 x 10’8 and 2.3 x 10'7 ¢cm™ and the maximum mobility of 3.98 cm? V-!s71. The basic optical parameters such as the
refraction index, extinction coefficient, and absorption coefficient were precisely determined through the spectro-
scopic ellipsometry measurement and analysis. The optical bandgap of the ZnSnN, films was calculated to around
1.9 eV, with the absorption coefficient greater than 10* cm™! at wavelengths less than 845 nm. The easy-fabricated
ZnSnN, possesses a sound absorption coefficient ranging from the ultraviolet through visible light and into the near-
infrared, comparable to some typical photovoltaic materials such as GaAs, CdTe, and InP. © 2015 Optical Society

of America
OCIS codes:

(300.6560) Spectroscopy, x-ray; (300.1030) Absorption.
http://dx.doi.org/10.1364/0L.40.001282

Thin-film solar cell (TFSC) technique, as an efficient,
cost-effective approach to directly convert sunlight into
electricity, has considerably matured over the last sev-
eral decades. At present, in view of the material cost and
environmental impact, the Earth-abundance and nontox-
icity of photovoltaic film materials is a critical issue for
large-scale (terawatt-level) photovoltaic power genera-
tion by TFSCs [1,2]. Meanwhile, low-temperature deposi-
tion techniques can facilitate the manufacture of TFSCs
on flexible substrates such as plastics, paper, and fabrics,
which is conducive to cost reduction in the fabrication
and potentially installation [3]. As is well known, flexible
TFSCs have significantly broaden the applications of
solar cell, such as wearable solar chargers for portable
electronics, and building-integrated photovoltaics on
sidewalls and curved rooftops [4,5]. These factors play an
important role for TFSCs in cementing its rightful place
next to silicon wafer-based panels. However, currently,
various thin film solar cells based on GaAs, In,Ga;_,N,
CdTe, and CulnGaSe, are facing serious obstacles, stem-
ming from rapidly increasing raw material cost, low
crustal reserve of In, Se, Te, and toxicity of As and Cd
[1,2]. In addition, these photovoltaic absorber materials
need to be deposited or recrystallized at temperatures
at least above 400°C for constructing high-quality solar
cells. Thus, they usually were deposited onto substrates
with higher temperature tolerance [3,6-8]. Hence, new-
type photovoltaic absorber materials, with its low-
temperature fabrication process, need to be exploited to
meet the aforementioned demands for TFSCs.

Ternary Zn-IV-N, semiconductors with IV = Sn, Ge, or
Si are expected to exhibit noticeable optical properties
similar to those of the well-known Ill-nitrides (III = In,
Ga, Al), with direct band gaps ranging from the ultravio-
let to infrared [9-12]. Among them, In,Ga; N and
ZnSnN, are of great potential as photovoltaic absorber
layers [13-15]. Compared to the rare In element, the
Sn and Zn element content in the Earth’s crust is 100
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and 1000 times larger, respectively [14,15]. In addition,
recycling infrastructure for Zn and Sn already exists
[16,17]. Hence, ZnSnN,, with a theoretical direct bandgap
matching the AM1.5 solar spectrum and the benefit of
being comprised of earth-abundant and nontoxic ele-
ments, is a good alternative utilized in the high-efficient
photovoltaic absorber layer [18-20].

In comparison with the well-studied In,Ga;_,N,
however, ZnSnN, has not been investigated intensively.
In recent years, polycrystalline ZnSnN, films were syn-
thesized on monocrystalline substrates (such as sapphire,
GaN, and YSZ) by plasma-assisted vapor-liquid-solid tech-
nique [21], RF sputter deposition [22], or molecular beam
epitaxy [23]. The optical direct bandgap of the ZnSnN,
films were determined to be around 2 eV (1.7 eV [21],
2.0 eV [22], and 2.12 eV [23]). Nevertheless, there are fewer
reports on the other basic optical parameters (including
the absorption coefficient [22], refractive index, and ex-
tinction coefficient) of ZnSnN, thin films. On one hand,
the absorption coefficient spectrum is capable of provid-
ing an intuitive judgment on the capability of the solar
radiation absorption. On the other, the refraction index
and extinction coefficient are two essential parameters
required in the design of optoelectronic devices.

In this work, polycrystalline ZnSnN, thin films were
successfully obtained at room temperature both on
quartz and flexible PET (polyethylene terephthalate)
substrates. The basic optical parameters of the ZnSnN,
thin films on quartz were accurately determined by the
spectroscopic ellipsometry method, demonstrating that
the ZnSnN, thin films possess a high absorption coeffi-
cient in the range of the solar spectrum.

ZnSnNj thin films were prepared onto quartz and PET
substrates by DC magnetron sputtering at room temper-
ature from a Zn 755n, o5 alloy target. The substrates were
sequentially cleaned in acetone, alcohol, and deionized
water by ultrasonic method, then dried in pure nitrogen
flow. Prior to deposition, the chamber was evacuated
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below 6 x 10~* Pa. As the sputtering gas, the nitrogen
(5 N in purity) was imported into the chamber, and the
flow rate was adjusted to be 10 sccm (standard-state
cubic centimeter per minute). During the deposition,
the working pressure and DC power were maintained
at 1.2 Pa and 240 W, respectively. The sputtering time
was 15 min. After deposition, some ZnSnN, /quartz sam-
ples were annealed in a Ny ambient at 300°C or 400°C for
3 h. The electrical properties were characterized by Hall
measurement (ACCENT, HL5500). All the films display
n-type semiconductor characteristics. The electron con-
centration decreases from 1.6 x 10'8 to 2.3 x 10'7 cm™3,
and the Hall mobility decreases from 3.98 to
1.86 cm? V-1s7! as the annealing temperature increases.

Figure 1(a) presents x-ray diffraction (XRD) patterns
of the ZnSnN,/quartz samples using a multipurpose
xray diffractometer (Bruker, D8 Advance) working
with Cu-K, radiation. A powder diffraction spectrum
simulation result by using the orthorhombic lattice of
areported. GGA model is also illustrated as a control [9].
Three distinct peaks in the low 20 (<40°) region are
observed for the as-deposited (as-dep.) ZnSnN, film,
revealing its polycrystalline nature. With increasing the
annealing temperature, these three peaks get sharper,
and four additional peaks in the high (>40°) 26 region
become discriminated, indicating the enhancement in the
order degree. The obvious seven peaks locate at 30.6°,
33.1°, 35.0°, 45.7°, 54.2°, 59.8°, and 65.3°, respectively,
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Fig. 1. (a) XRD patterns of the ZnSnNs films on quartz and

calculated powder diffraction spectrum of ZnSnN,. The inset
shows a SEM image of the as-dep. film on quartz. (b) XRD pat-
terns of the ZnSnN, film on flexible PET substrate. The inset
shows the digital photograph of a ZnSnN, film on PET.
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Table 1. Comparisons of the Experimentally
Determined Lattice Parameters in this Study with
Calculated Lattice Parameters from Ref. [9] and
Experimentally Determined Lattice Parameters
from Ref. [22]

Calculated [9] (A) Experimental (A)  Ref. [22] (A)
a 5.80 5.853 & 0.009 5.842 =+ 0.007
b 6.70 6.741 & 0.014 6.753 + 0.006
c 5.53 5.498 + 0.012 5.462 =+ 0.003

matching well with the simulation result in Fig. 1(a).
In addition, the fitted orthorhombic lattice parameters
are also in accordance with the reported values in
Ref. [22], as listed in Table 1. The average grain size [es-
timated by the Scherrer formula from the (201) peak] is
5.8, 6.9 and 7.5 nm for the as-dep., 300°C- and 400°C-
annealed films, respectively. The small variation in crys-
tallinity leads to slight changes in surface morphology.
The insert of Fig. 1(a) shows the scanning electron micro-
scope (SEM, Hitachi S-4800) image of the as-dep. ZnSnN,
film on quartz, featuring compact, homogeneous, and
smooth in nature. Figure 1(b) depicts XRD pattern of
the as-dep. ZnSnN, film on PET substrate (the inset
shows the digital photograph of the specimen). In the pat-
tern, four peaks assigned to the ZnSnN, are clearly
observed at 34.6° 45.3° 59.3°, and 64.5°, respectively.
Compared to the films on quartz, these peaks are shifted
toward lower angles, and meanwhile their intensity
becomes stronger indicating better crystallinity, which
is believed to be due to the different film/substrate strain.

The optical properties of the ZnSnNs films on quartz
were characterized by a variable angle spectroscopic
ellipsometer (Woollam Co.) in a photon energy (hv)
range of 0.73-6.20 eV. The ellipsometric angle y and
phase difference A were recorded at incidence angles of
55, 65, and 75°, respectively. A three-phase model con-
sisting of quartz substrate/ZnSnN, film/surface rough
layer (50% ZnSnN, + 50% void) was proposed to re-
present the sample. The Tauc-Lorentz (TL) dispersion
function, as a generic model generally used for crystal
semiconductor materials, was employed to determine
the dielectric function of the ZnSnN; films, as shown
in follows:
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where A is the amplitude, E, the peak transition energy,
C the broadening term, and E, the band gap [24]. Double
TL dispersion functions were applied to fit the ellipsom-
etry spectra in the present work. The details in the layer
thicknesses and the TL parameters obtained from the
data fitting are summarized in Table 2. The fitting quality
was assessed on the basis of the mean-squared error
(MSE) function. The MSE values are less than 5 for all
the fitting, indicating that all fits are reasonable and
acceptable (Generally, the fitting quality is acceptable
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Table 2. Compilation of the Fitted Results for the ZnSnN,/Quartz Samples
Using Double Tauc-Lorentz Dispersion Function®

Sample tf l, Al Egl EOI Cl A2 Eg2 E02 Cg MSE n

as-dep. 856.3 10.8 32.35 2.66 1.28 3.31 105.7 2.38 6.70 13.44 3.85 2.41
300°C 856.9 144 34.39 2.66 1.22 3.31 163.9 2.65 8.49 13.57 4.15 2.23
400°C 857.2 16.6 41.23 2.66 1.23 3.31 149.7 2.88 9.87 16.55 4.19 2.20

“t; and t, are the thicknesses of ZnSnN; film, surface rough layer with units of nanometers, respectively. MSE is mean-square error. The n

values at 1 = 550 nm are also listed.

only if the MSE value is less than 10). Moreover, we com-
pare between the experimental and fitted spectroscopic
spectra of the ellipsometric angle y and phase difference
A for the 400°C-annealed ZnSnN, film with the biggest
MSE. As shown in Fig. 2, a good superposition between
the experimental and fitting spectra is observed over the
studied range, meaning that the double TL dispersion
function works well. Therefore, the optical parameters
of the ZnSnN; films on quartz could be precisely deter-
mined by the best-fitted results.

The extracted optical constants n and k for the as-dep.
and annealed ZnSnNj films are illustrated as a function of
wavelength in Fig. 3(a). The refractive index decreases
apparently with increasing the annealing temperature.
For example, the refractive index at the wavelength
A =550 nm is 2.41 for the as-dep. film, while the index
is reduced to be 2.20 for the 400°C-annealed one, as listed
in Table 2. The extinction coefficient also decreases as
the annealing temperature increases, which is more evi-
dent in the short-wavelength region. It had been reported
that the variations of the n and k with the annealing
temperature are closely coupling with the type of ambi-
ent gas and the material itself, [25-28]. The changes in
crystallinity, surface morphology, composition, or/and
crystal structure may account for the n/k variations.
For our case, however, further investigation is necessary
to understand the variation trend of both the parameters
of the ZnSnN, films.

Based on the optical absorption spectra, the nature of
optical transition can be determined. In our study, the
absorption coefficient a is obtained via @ = 4zk/A. Since
ZnSnN, has a direct bandgap, the inter-band absorption
can be expressed by the equation [29]
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Fig. 2. Experimental (symbols) and fitted (solid curves) y and
A of the ZnSnN, film annealed at 400°C.

(ahw)? « ho — E,. G))

The variation of (ahv)? on ho for the ZnSnN, films is
depicted in Fig. 3(b). The band gap E, is obtained from
the energy intercept by extrapolating the linear portion of
(ahw)? versus hv to a = 0. For the as-dep. ZnSnN, films
and the films annealed at 300°C and 400°C, the bandgap
is estimated to be 1.82 eV [20], 1.92 eV [21], and 1.95 eV
[22], respectively, in a good agreement with the previ-
ously reported results [21-23]. The inset of Fig. 3(b)
shows the transmittance spectra of the films measured
by spectroscopic ellipsometry. All the films illustrate a
slight difference in the transmittance at long wavelength
(>900 nm), whereas the band edge shifts gradually to the
shorter wavelengths as the annealing temperature in-
creased, which corresponds to the blue-shift of the band
gaps.

High absorption coefficient in the range of the solar
spectrum is one essential factor for photovoltaic conver-
sion. Figure 4 shows the a versus 1 spectrum for the
as-dep. ZnSnN, film. The absorption coefficient of some
other typical photovoltaic film materials and the AM1.5
solar spectrum are also plotted together for comparison.
The absorption coefficient of the ZnSnN; film is as high
as 10* em™! at 1 = 845 nm (hv = 1.48 eV), and its ab-
sorption spans over the most region of the solar radiation
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Fig. 3. (a) Refractive index and extinction coefficient spectra

and (b) plots of (ahv)? versus hv of the ZnSnN, films on quartz.
The inset shows the transmittance spectra of the films.
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Fig. 4. Plots of the AM1.5 solar spectrum and the absorption
coefficient versus light wavelength for ZnSnN,, GaAs, InP,
CdTe, and a-Si:H.

spectrum, ranging from the ultraviolet through visible
light and into the near-infrared. Correspondingly, the a
of InP, CdTe, GaAs and a-H:Si reaches to 10* cm™! at 1 =
914 nm (hv = 1.35 eV), A = 8656 nm (hv = 1.43 eV), 1 =
850 nm (hv = 1.46 eV), and A = 648 nm (hv = 1.86 eV),
respectively. It is suggested that the useful absorption
range of the ZnSnN, is wider than that of the a-H:Si, and
comparable to those of the InP, CdTe, and GaAs.

In conclusion, we fabricated polycrystalline n-type
ZnSnN, films and investigated their optical properties
in detail. The influence of annealing temperature on the
refraction index, extinction coefficient, and bandgap
were examined. Moreover, it is revealed that the useful
absorption range of the ZnSnNj is superior to that of the
a-H:Si and comparable to those of the InP, CdTe, and
GaAs. These results verify that ZnSnN, is a promising
material for photovoltaic applications.
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