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The steps to prepare the Schottky diodes with the structure of Ag\ITO\ZnSnN2\Ag
and the solar cells (Ag\ITO\Cu20\ZnSnN2\Ag and Ag\ITO\Cu:0\ZnSnN:\ Au) are
shown in Figure S1 (ITO refers to indium tin oxide).
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Figure S1. The steps to prepare the Schottky diodes and the heterojunction solar cells. The upper
three panels are about the Schottky diodes and the lower three are about the heterojunction solar
cells.

To see how the substrate temperature will affect the structure of the deposited film,
ZnSnN: were deposited at different substrate temperatures but the other parameters are
exactly the same with those mentioned in the manuscript. Figure S2 shows the X-ray dif-
fraction patterns of the samples deposited at different substrate temperatures (Room tem-
perature to 300 °C). No diffraction peaks are observed when the substrate temperature is
below 100 °C. However, diffraction peaks are observed when the substrate temperature is
100-300 °C. ZnSnN:2 deposited at 100-300 °C are hexagonal [1].
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Figure S2. XRD patterns of ZnSnN2 samples deposited at different substrate temperatures.

To see how the sputtering power will affect the structure of the deposited film, the
sputtering power was increased to 50W and the substrate temperature of room tempera-
ture, 50, 100 and 150 °C were used while other parameters were the same with those in the
manuscript. Figure S3 shows the XRD patterns of the samples prepared at 50W with the
substrate temperature to be in the range of room temperature to 150 °C. From Figure S3,
it can be found that when the sputtering power was 50W, even the samples deposited at
room temperature is polycrystalline [1].
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Figure S3. The XRD patterns of the samples prepared at 50W and substrate temperature is from
room temperature to 150 °C.

The Raman scattering spectra of the samples deposited at 35W and room temperature
without annealing or annealed at 300-450 °C are shown in Figure S4. No peaks but humps
are observed in the Raman scattering spectra of these samples and this is the same with
its polycrystalline counterparts [2-3]. Before annealing, humps centered at about 121, 512,
629 and 689 cm™ were observed. After annealing, humps centered at 234 cm! appear in
some samples and humps centered at 689 cm! disappear in all the annealed samples.
These spectra are similar to the calculated high resolution phonon density of states spec-
trum of ZnSnN:[4]. Just like crystalline or polycrystalline ZnSnNz, nanocrystalline ZnSnN:
is also phonon-glass-like and the k-selection rule breaks down.
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Figure S4. Raman scattering spectra of ZnSnN:2 samples without annealing or annealed at 300, 350,
400 and 450 °C.

Figure S5 shows the current I-voltage V curves of the structure of
Ag\ITO\ZnSnN2\ITO\ Ag. The curves are linear for ZnSnN2 without annealing or an-
nealed at 300 °C. The samples annealed at 300 °C is found to have smaller resistivity, in
agreement with the results obtained with Hall effect measurements. This implies that the
rectification or nonlinearity of Ag\ITO\ZnSnN:\Ag is due to the contact between
ZnSnN: and Ag.
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Figure S5. The IV curves of Ag/ITO/ZnSnN:/ITO/Ag (the inset shows the cross-sectional view of the
multilayer structure.).

The ideal band diagram of Ag-ZnSnN: at zero bias is shown in Figure S6 (a). The
band diagram of Ag-ZnSnN: with interface oxide at zero bias is shown in Figure S6 (b)

[5].
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Figure S6. (a) The ideal band diagram of Ag-ZnSnN2; (b) The band diagram of Ag-ZnSnN:2 with
interface states [5].

Figure S7 shows the statistical distribution of the performance factors of the two
types of solar cells. In the horizontal axis, "Au" and "Ag" refer to the data are from the
samples with Au and Ag as the electrodes without sample storage, while "Stored" refers
to the data are from the samples (Ag\ITO\Cu20\ZnSnN2\ Au solar cell) stored in air
without encapsulation for about 11 months. The performance factors include Vo (open
circuit voltage), Jsc (short-circuit current), FF (fill factor) and PCE(power conversion effi-
ciency). For the Ag\ITO\ Cu20\ZnSnN:z\ Au solar cell, the statistics is based on 9 solar
cells while the statistics is based on 8 solar cells for the Ag\ITO\Cu20\ZnSnN2\ Ag solar
cell. The average Vo, Js;, FF and PCE of the solar cell with Au as the electrode are 0.22V,
1.75mA/cm?, 42% and 0.15% while those of the solar cell with Ag as the electrode are
0.19V, 0.34mA/cm?, 22% and 0.02%, respectively. Compared with the solar cell with Ag as
the electrode, the solar cell with Au as the electrode has much larger Jsc due to smaller
series resistance and this leads to larger fill factor and higher photoelectric conversion
efficiency. After stored in air for 11 months without encapsulation, thought the perfor-
mance degrades (the average Vo, Jsc, FF and PCE of the solar cell with Au as the electrode
are 0.06V, 0.56mA/cm?, 27% and 0.01% after stored in air for 11 months), photovoltaic
effect is still observed. The performance degradation might be due to the storage in air
without encapsulation.
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Figure S7. Statistical distribution of the performance factors for the solar cells: "Au" refers to the
data from the Ag\ITO\Cu20\ZnSnN2\ Au solar cell without storage; "Ag" refers to the data from
the Ag\ITO\ Cu20\ZnSnN:2\ Ag solar cell without storage; "Stored" refers to the data obtained after
the Ag\ITO\Cu20\ZnSnN2\ Au solar cell has been stored in air without encapsulation for 11
months: (a) Open-circuit voltage Voc; (b) Short-circuit current density Js;; (c) FE(fill factor) and (d)
PCE (power conversion efficiency).

The energy band gap diagram of Cu20-ZnSnNz: is present in Figure S8 [6,7]. The elec-
tron affinity of Cu20 (x(Cu20)) is 3.1eV[6]. The bandgap of Cu20 (Eg(Cu20)) is 2.1eV and

the gap between Er and E» (q¢,(Cu,0)) is 0.36eV[6]. The electron affinity of ZnSnN»,
X, is 3.9eV. For ZnSnN, the gap between E: and Er, (¢, is estimated to be 0.18eV (

E. — E:is calculated tobe 0.18 eV from N = N_exp[—(E, —E;)/KT] with n=10%cm?,

Ne=1.04x10"%cm 3, kT=0.026eV). The band gap of ZnSnNy, Eg, is 2.5 eV. Vb is the built-in
potential between Cu20 and ZnSnNo:. Vb is estimated to be 0.76 V from x(Cu20)+E¢(Cu20)-

a4, (Cu,0) = qVo+x+ g, . The conduction band discontinuity AE, is estimated to be
0.8 eV from Eg(Cu0)- q¢f, (Cu,0) =qVo+ AE_ + g, . The valence band discontinuity
AE, is estimated to be 1.2 eV from Es- (¢, =g, (Cu,0) +qVo+AE, .
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Figure S8. The energy band diagram of p-Cu20 and n-ZnSnNz: at zero bias.
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