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 Terawatt-scale energy demands motivate the investigation of 
new visible-range direct bandgap semiconductor materials that 
are abundant and low-cost. Here we demonstrate synthesis of 
single phase ZnSnN 2  thin fi lms on  c -plane sapphire and GaN 
substrates, introducing a new class of zinc- and nitrogen-based 
semiconductors for visible frequency optoelectronics and 
photovoltaics. The ZnSnN 2  layers exhibit the wurtzite-derived 
Pna2 1  orthorhombic structure, in good agreement with  ab initio  
calculations. Our electronic structure calculations also indicate 
a direct bandgap of 1.42 eV at zero Kelvin, which is of high 
interest for a photovoltaic absorber. Spectroscopic ellipsometry 
reveals an optical bandgap of about 2 eV and Hall measure-
ments indicate electron concentrations as high as  ∼ 10 21  cm  − 3 . 
These values are consistent with heavy donor doping, where 
the fundamental bandgap of  ∼ 1.42 eV at zero Kelvin is altered 
by a strong Burstein-Moss effect resulting from conduction 
band fi lling. 

 For the past two decades, III-nitride semiconductors 
(Al x Ga y In 1−x−y N) have received considerable attention due to 
their favorable properties for applications in optoelectronic and 
electronic devices. [  1  ,  2  ]  Because of bandgap tunability across the 
entire visible spectrum and a continuously improving material 
quantum effi ciency, In x Ga 1−x N-based alloys are of increasing 
interest for new effi cient absorber layers in solar cells. In par-
ticular, with a bandgap matching the AM1.5 solar spectrum, an 
In 0.4 Ga 0.6 N absorber layer could reach a maximum theoretical 
detailed balance effi ciency of around 33%. However, the large 
© 2013 WILEY-VCH Verlag G
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lattice mismatch between InN and GaN results in indium seg-
regation and phase separation in high indium content layers, 
which makes it diffi cult to fabricate high-quality In x Ga 1−x N 
with more than 20% indium. [  3  ,  4  ]  Despite that diffi culty, recent 
progress has been made in low indium content In x Ga 1−x N for 
solar energy conversion, although the low indium content limits 
the useful wavelengths to the green and blue spectral regions 
( < 530 nm); today’s record external quantum effi ciency is 72% 
with an internal quantum effi ciency of 97%, obtained for a 
solar cell with 12% indium in the active absorber layer. [  5  ]  How-
ever even with future improvements, the cost of indium, being 
a rather rare metal in the Earth’s crust, makes it of potentially 
limited use for large-scale photovoltaic demands. In this con-
text, we are investigating Zn-IV-N 2  semiconductors, where IV  =  
Sn, Ge, or Si. These materials are expected to exhibit properties 
that are similar, if not superior, to those of their well-known III-
nitride counterparts, with the added benefi t of being comprised 
of earth-abundant materials. [  6  ,  7  ]  Changing from one group-III 
element into a combination of group-II and -IV elements is also 
expected to widen the range of accessible properties. To date, 
both ZnGeN 2  and ZnSiN 2  have been synthesized and well-char-
acterized. ZnSiN 2  powder was synthesized using high-pressure 
annealing, [  8  ]  and thin fi lms have been grown on sapphire, (100) 
silicon, or silicon carbide by metal-organic chemical vapor 
deposition (MOCVD). [  9–12  ]  More extensive efforts were put into 
ZnGeN 2  fabrication leading to powders made by reaction in a 
furnace, [  13–15  ]  single-crystal rods grown using the vapor-liquid-
solid method, [  16  ]  and thin fi lms deposited on glass and silicon 
by radio frequency (RF) sputter deposition and on sapphire and 
silicon carbide using MOCVD. [  9  ,  17–19  ]  On the other hand, thin 
fi lms of ZnSnN 2  have only recently been grown by RF sputter 
deposition and molecular beam epitaxy. [  20  ,  21  ]  Given previous 
theoretical work and experimental studies on all three materials, 
we expect direct bandgaps spanning the entire visible spectrum 
for alloys of ZnSnN 2 , ZnGeN 2  and ZnSiN 2 . [  6  ,  7  ,  9  ,  13–15  ,  17–24  ]  In 
light of these predictions, we focus here on the fabrication of 
ZnSnN 2 , which has not been studied in depth and which is 
essential to any future Zn-IV-N 2  photovoltaic device. 

 We initially explored theoretically the most stable structure 
of bulk ZnSnN 2  by calculating the total energy per unit cell 
of possible crystal structures derived from those commonly 
found in nitride binary systems–zinc-blende and wurtzite–with 
selected Zn/Sn A-site orderings. In III-nitrides, the wurtzite 
P6 3 mc structure is usually the most stable, and we also expect 
wurtzite-derived structures to be most stable for ZnSnN 2 . However, 
while this does turn out to be true, we also fi nd the energetic 
difference between the different wurtzite- and zinc-blende-
derived orderings to be small, suggesting that both phases, or 
mbH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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     Figure  1 .     Calculated ZnSnN 2  crystallographic & electronic structure. (a) Schematic of the predicted wurtzite-derived structure of ZnSnN 2  including two 
possible atomic arrangements of the  c -plane metallic sublayer resulting in the 8-atom Pmc2 1  or the 16-atom Pna2 1  orthorhombic structures. (b) Band-
structure and (c) electronic density of states of orthorhombic Pna2 1  ZnSnN 2 , calculated using the HSE06 density functional. The semiconductor is 
expected to have a direct bandgap of approximately 1.42 eV at zero Kelvin.  
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indeed random Zn/Sn ordering, could coexist under certain 
growth conditions. In the wurtzite-derived structure, there 
are two high-symmetry ways to arrange the Zn and Sn atoms 
in the hexagonal  c -plane ( Figure    1  a), corresponding to the 
orthorhombic Pmc2 1  and Pna2 1  space groups. Unfortunately, 
the two structures, which share many common super groups 
and differ only in the planar ordering of Zn and Sn atoms, are 
diffi cult to experimentally differentiate. We also compared the 
calculated energy per nitrogen atom for both structures ( E tot   in 
 Table    1  ) and found that any difference in ground-state energy 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag

   Table  1.   Zero Kelvin equilibrium lattice parameters for the wurtzite-deriv
the Pna2 1  structure, calculated using the hybrid HSE06 functional.   

Structure Lattice Parameters

Band

Pna2 1 

 a 0   [Å] 6.721 CB

 b 0   [Å] 5.842 VB 1 

 c 0   [Å] 5.459 VB 2 

 E tot   [eV/N] −10.89 VB 3 

Pmc2 1 

 a 0   [Å] 3.388

 b 0   [Å] 5.771

 c 0   [Å] 5.427

 E tot   [eV/N] −10.89
between the two candidate structures is diffi cult to resolve. The 
values of the corresponding lattice parameters at zero Kelvin, 
calculated using the hybrid HSE06 functional, are also listed in 
Table  1 . [  25  ,  26  ]    

 Our calculated band structure and electronic density of states 
for orthorhombic ZnSnN 2  in the most stable space group, Pna2 1 , 
are displayed in Figure  1 b,c. Our hybrid functional calculations 
predict a zero Kelvin direct bandgap of 1.42 eV with an uncer-
tainty of about 0.1 eV due to theoretical and numerical approxi-
mations. We note that the HSE range of hybrid functionals 
 GmbH & Co. KGaA, Weinheim

ed Pna2 1  and Pmc2 1  orthorhombic structures, and electronic properties for 

Electronic Properties

 Δ  ε  VBM  [eV] m  ∗   xx m  ∗   yy m  ∗   zz 

1.42 0.14 0.14 0.12

0.00 0.13 1.98 1.94

–0.04 2.28 0.14 2.01

–0.05 2.16 1.71 0.14
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contain parameters corresponding to the fraction of non-local 
exchange and screening length that, when adjusted, affect the 
predicted bandgap values. Here we fi x those para meters to the 
HSE06 values that have been shown to yield a good quantitative 
match with experimental data for structural properties and fun-
damental bandgaps across a wide range of narrow- and interme-
diate-gap semiconductors, including the group-III nitrides, with 
a small underestimate for wide-gap semiconductors. Our calcu-
lations are therefore free of adjustable parameters. We note that 
our prediction of the ZnSnN 2  fundamental bandgap is smaller 
than recent theoretical work based on the GW method. [  7  ]  How-
ever, we believe that the success of HSE06 for describing the 
gaps of narrow- and intermediate-gap III-nitrides indicates that 
we can use this approach as a predictive tool for the funda-
mental bandgap of this ternary nitride. In wurtzitic III-nitrides, 
the breaking of cubic crystal symmetry between the  ab -plane 
and the  c -axis induces a crystal-fi eld splitting of the triply-
degenerate valence bands into a doubly-degenerate set and the 
crystal-fi eld split-off band. Spin-orbit coupling causes further 
band splittings. In ZnSnN 2 , which has orthorhombic symmetry 
produced by the ordering of the mixed ‘A’ site, the triple degen-
eracy of the valence bands is entirely lifted due to the crystal-
fi eld splitting (Table  1 ). We do not consider spin-orbit coupling 
in the present calculations; it is expected to provide only a very 
weak correction to the fundamental bandgap. Our calculated 
effective mass for the conduction band is very small and almost 
isotropic, with a geometric mean of 0.13 m 0  (Table  1 ), which we 
expect to result in a high electron mobility and therefore good 
electrical conductivity for ZnSnN 2 . Although the band-edge 
hole mobilities are more complicated due to the three distinct 
sub-bands with widely varying effective masses, in optically 
excited samples all three valence bands would become popu-
lated with carriers, and we note that each of the three bands has 
a light-hole mass in one crystallographic direction. This feature 
of the electronic structure may lead to hole mobilities that are 
also moderately high. 

 We synthesized thin fi lms of ZnSnN 2  on  c -plane sapphire 
and  c -plane GaN template substrates by reactive RF magnetron 
sputtering from a single Zn 0.75 Sn 0.25  target or from Zn and Sn 
elemental targets at around 250  ° C in an atmosphere of argon 
and nitrogen gases. Energy dispersive X-ray spectroscopy con-
fi rms the deposition of stoichiometric material within the error 
© 2013 WILEY-VCH Verlag Gm

     Figure  2 .     Determination of ZnSnN 2  structure. (a) Powder diffraction spe
parameters for the Pmc2 1 , Pna2 1 , and average wurtzite structures. The label
peaks that do not split in the lower symmetry orthorhombic structures. (b) X
conditions on both  c -plane sapphire and GaN.  
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of the instrument. To determine the phase of our material, we 
measured powder diffraction patterns from a ground up thick 
fi lm that was removed from the substrate ( Figure    2  a). The theo-
retical peak positions based on our calculated zero Kelvin lattice 
parameters for Pna2 1 , Pmc2 1 , and an average wurtzite struc-
ture, representing a random distribution of Zn and Sn atoms, 
are also shown in Figure  2 a for comparison. The pattern from 
our material matches well with the Pna2 1  and average wurtzite 
structures, where the most apparent distinguishing feature is a 
slight splitting of some peaks when moving from the average 
structure to the Pna2 1  structure. Although it appears that our 
material only exhibits single peaks, it should be noted that the 
full width at half maximum (FWHM) of the peaks that would 
be split in the Pna2 1  case is large compared to the peaks that 
do not split (Figure  2 a). For this reason, we have concluded 
that the Pna2 1  space group describes the predominant arrange-
ment of metallic atoms in our material. This is consistent with 
reports on synthesis of ZnGeN 2  and ZnSiN 2  materials where 
several groups have shown that they both exhibit the Pna2 1  
structure. [  8  ,  15  ,  18  ,  24  ,  27  ]    

Figure  2 b compares the X-ray diffraction (XRD) measure-
ments of ZnSnN 2  layers deposited under the same conditions 
on  c -plane sapphire and GaN, wherein we attribute the peak at 
2 θ   ∼  32.5 °  to ZnSnN 2 (002). The layers deposited on top of GaN 
templates not only exhibit a much sharper (002) peak, with a 
FWHM reduced by a factor of two compared to layers deposited 
on sapphire, but also show a slight shift in the peak position 
towards larger 2 θ  angles. Both can be seen as consequences of 
the large difference in the lattice mismatch between the layer 
on GaN ( ∼ 6.5%) and the layer on sapphire ( ∼ 29%). Based on 
these XRD measurements for various stoichiometric samples, 
we have measured a  c  lattice parameter of 5.52  ±  0.01 Å. We 
cannot determine the  a  or  b  parameters from these measure-
ments because the fi lms are textured in the (001) direction. Hall 
measurements performed on the layers reveal  n -type material, 
with electron concentrations ranging from  ∼ 5  ×  10 19  cm  − 3  to 
 ∼ 1  ×  10 21  cm  − 3 . From our band structure calculations, we expect 
to have a high electron mobility material, but we instead fi nd 
mobilities of about 10 cm 2  V  − 1  s  − 1  or lower. We believe this low 
mobility is due in part to the small grain size, which is typical 
for materials grown by sputtering. Another factor infl uencing 
the observed electron mobility could be a subtle band-fi lling 
3wileyonlinelibrary.combH & Co. KGaA, Weinheim

ctrum of ZnSnN 2  and peak positions calculated from zero Kelvin lattice 
s on the peaks are an indication of the FWHM, and the boxes highlight the 
-ray diffractograms of (001)-oriented layers deposited under the optimized 
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     Figure  3 .     Burstein-Moss effect in ZnSnN 2 . (a) Calculated shift of the 
optical bandgap with the electron doping concentration; as shown in the 
inset, strong  n -type doping of ZnSnN 2  leads to conduction band fi lling 
and the resulting Burstein-Moss effect, wherein the effective bandgap lies 
at a higher energy than the fundamental bandgap. (b) Absorption edge 
extrapolation from spectroscopic ellipsometry measurements of two 
different samples; the sample with the smaller extrapolated energy was 
deposited with a higher power resulting in non-oriented polycrystalline 
growth. The linear dependence of  α  2  versus the photon energy is typical 
of a direct bandgap semiconductor.  
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effect, originating from the anharmonic nature of the conduc-
tion band at moderate non-zero crystal momenta. The band 
anharmonicity leads to a momentum-dependent effective mass, 
such that the cyclotron (transport) and band-edge effective 
masses differ appreciably (Figure  1 b). 

 For further study of the electronic structure, we used spec-
troscopic ellipsometry measurements to reveal features in the 
joint density of states, particularly the optical bandgap. For 
direct bandgap semiconductors, the square of the absorption 
coeffi cient ( α  2 ) versus photon energy can be linearly extrapo-
lated to the energy axis to estimate the value of the bandgap. In 
 Figure    3  b, we present two samples deposited by co-sputtering. 
Both samples shown are stoichiometric and intrinsically  n -doped 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
with electron concentrations in the range previously stated. The 
linear fi t of our data near the absorption edge reveals a meas-
ured direct optical bandgap for ZnSnN 2  of  ∼ 1.9 eV and  ∼ 2.2 eV 
for the two samples presented. At fi rst glance, our measured 
values of the bandgap seem to be consistent with the recently 
reported theoretical bandgap of 2.02 eV. [  7  ]  However, the high 
carrier concentration in our sample combined with the low con-
duction band effective mass  must  incur a large Burstein-Moss 
effect in the apparent optical gap. As illustrated in Figure  3 a, 
free electrons will fi ll the bottom of the conduction band, pin-
ning the Fermi level to energies above the conduction band 
edge, and consequently blocking low-energy optical excitations 
to yield a measured gap that is larger in energy than the under-
lying fundamental bandgap of the material. As an example, 
the bandgap initially reported for InN (1.9−2.1 eV), which is 
larger than the now-accepted gap of approximately 0.69 eV, 
has largely been attributed to this effect. [  28  ,  29  ]  The calculated 
effective optical bandgap depending on electron concentration 
(Figure  3 a), based on our calculated band structure 
(Figure  1 b), indicates that we should expect a gap of at least 
1.8 eV for the electron concentrations we measured. Ultimately, 
we cannot assign a precise experimental value of the 
fundamental bandgap until we are able to signifi cantly reduce 
the unintentional doping concentration in our material, but our 
combined theoretical and experimental study points to a funda-
mental gap in the red-green spectral region.  

 In conclusion, we have synthesized thin fi lms of stoichio-
metric ZnSnN 2  that exhibit the predicted Pna2 1  wurtzite-derived 
orthorhombic crystal structure. Our material has a measured 
optical absorption edge near 2 eV, which is higher in energy 
than our theoretically predicted value of 1.42 eV. This difference 
is attributed to the Burstein-Moss effect, which is evidenced by 
large electron carrier concentrations according to Hall measure-
ments. We believe that the fi ndings of this study demonstrate the 
feasibility of fabricating stoichiometric, single-phase ZnSnN 2 , a 
new earth-abundant small bandgap semiconductor. These fi rst 
optoelectronic measurements are promising for future applica-
tions, especially in photovoltaics and solid-state lighting.  

 Experimental Section  
 Reactive RF Magnetron Sputter Deposition : Thin fi lms were synthesized 

in an AJA International sputtering chamber, with a background pressure 
in the high 10  − 8  Torr. The reactive RF plasma was created from a 
mixture of argon and nitrogen gases kept at 3 mTorr. The materials were 
deposited on  c -sapphire and LUMILOG  c -GaN template substrates at 
around 250  ° C from a Zn 0.75 Sn 0.25  target or from Zn and Sn elemental 
targets. Applied powers ranged from 44 W to 164 W.  

 X-Ray Diffraction (XRD) : The structure and phase of our material 
was studied by XRD with a PANalytical X’Pert diffractometer using a Cu 
K α  source (  λ    =  1.5406 Å) over a 2 θ  range of 20 °  to 80 °  for the powder 
spectrum and 30 °  to 43 °  for the thin fi lms on a substrate.  

 Energy Dispersive X-ray Spectroscopy (EDS) : Composition 
measurements were performed using a ZEISS 1550 VP fi eld emission 
scanning electron microscope equipped with an Oxford INCA Energy 
300 EDS System and an accelerating voltage of up to 7 kV.  

 Spectroscopic Ellipsometry : Spectroscopic ellipsometry was performed 
on samples grown on  c -sapphire at incidence angles of 50 ° , 60 ° , and 
70 °  for 250 nm  <    λ    <  2300 nm with a Xe lamp visible light source and 
a Fourier-transform infrared spectrometer. The wavelength-dependent 
complex refractive index was fi t from the measured Fourier coeffi cients 
at 1 nm intervals using a fi xedNK model.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 
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 Computational methods : We computed structural and electronic 
properties using plane-wave density functional theory as implemented 
in the Vienna  ab initio  Simulation Package (VASP). [  30  ]  Our chosen 
exchange-correlation functional is the hybrid HSE06, [  31  ]  which has 
been demonstrated to reproduce both ground-state properties and 
fundamental gaps with high accuracy. [  32  ]  The core-valence partitioning 
is handled using the projector-augmented wave method, with datasets 
parameterized using the PBE-GGA functional. Our wave functions 
were computed with periodic boundary conditions and expanded using 
a plane-wave basis with an energy cutoff of 800 eV. Our tolerance for 
iterative improvement of the wave functions was 10  − 8  eV in both the 
total energy and electronic eigenvalues. The fi rst Brillouin zone was 
discretely sampled using a 4  ×  7  ×  4 Monkhorst-Pack mesh. [  33  ]  The 
atomic structure was relaxed using a quasi-Newton algorithm until all 
force components were less than 10  − 4  eV Ang  − 1 . Further technical details 
will be reported elsewhere. [  34  ]    
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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