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ZnSnN, is regarded as a promising photovoltaic absorber candidate due to earth-abundance, non-
toxicity, and high absorption coefficient. However, it is still a great challenge to synthesize ZnSnN,
films with a low electron concentration, in order to promote the applications of ZnSnN, as the core
active layer in optoelectronic devices. In this work, polycrystalline and high resistance ZnSnN,
films were fabricated by magnetron sputtering technique, then semiconducting films were achieved
after post-annealing, and finally Si/ZnSnN, p-n junctions were constructed. The electron concentra-
tion and Hall mobility were enhanced from 2.77 x 10'7 to 6.78 x 10'""cm > and from 0.37 to
2.07cm? V™' 57!, corresponding to the annealing temperature from 200 to 350 °C. After annealing
at 300°C, the p-n junction exhibited the optimum rectifying characteristics, with a forward-to-
reverse ratio over 10°. The achievement of this ZnSnN,-based p-n junction makes an opening step
forward to realize the practical application of the ZnSnN, material. In addition, the nonideal behav-
iors of the p-n junctions under both positive and negative voltages are discussed, in hope of sug-
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gesting some ideas to further improve the rectifying characteristics. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945728]

To meet the world economic growth demand by 2050, it
requires over 20 TW (10'> W) new power instead of fossil
fuel to maintain the atmospheric CO, concentrations at their
current level." Solar photovoltaics (PV) are considered as one
of the most promising options for a low-carbon future.'™ In
addition to silicon-based PV, aggressive development of non-
silicon based PV materials (such as CdTe and CulnGaSe,) has
greatly inspired confidence in reducing PV module price per
watt by increasing the photoelectric conversion efficiency or/
and using inexpensive materials.* For example, the CdTe and
CulnGaSe, technologies are still suffering serious problems of
toxicity (Cd) or rarity (Te ~ 0.005 ppm, In~ 0.048 ppm, and
Se ~ 0.05 ppm) for TW-scale deployment.>® Thus, it becomes
more and more imperative to develop new PV technology
based on environmentally friendly materials which are earth-
abundant (i.e., new-generation earth-abundant solar PV7).

ZnSnN,, a member of ternary Zn-IV(Si, Ge, Sn)-N,
semiconductors,s_” has attracted much attention because of
its potential application in new-generation earth-abundant so-
lar PV. This material has many favorable characteristics. (I)
Zn, Sn, and N elements are non-toxic, earth—abundant
(Zn ~75ppm, Sn~2.2ppm), and recyclable.'? (II) ZnSnN,
possesses a sound absorption coefficient ranging from ultra-
violet to near infrared region of electromagnetic spectrum,
comparable to some typical photovoltaic materials such as
GaAs, CdTe, and InP." (IIT) ZnSnN, has a tunable direct
band gap (1.0-2.0eV) due to cation disorder,*'*'* especially
showing a reasonably predictive value of 1.4 eV and an exper-
imental value of 1.6-1.7eV which, respectively, meets the
requirement for a single junction cell and the top cell in a
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two-junction device.* However, the previous investigations
demonstrated that ZnSnN, is a n-type degenerated semicon-
ductor, in which the carrier concentration is up to 10°°cm 3
so as to limit its application as an active semiconductor
layer.'>' Thus far, there are no reports on ZnSnN,-based de-
vice applications such as p-n junctions and Schottky diodes.
In this work, we investigated the influence of post-annealing
temperature on the structural, morphological, electrical, and
optical properties of DC-magnetron-sputtered ZnSnN, films.
The annealed films exhibited n-type semiconductor character-
istics, with an electron concentration in the magnitude of
10" ecm ™3, which facilitates the construction of Si/ZnSnN,
p-n junctions with a significant rectifying effect.

ZnSnN, films were prepared on quartz glasses and p-type
Si wafers (with a resistivity of 1.4 x 10> Q cm and a hole
concentration of 5.4 x 10'”cm™?) by DC-magnetron sputter-
ing at room temperature. Before being loaded into the vacuum
chamber, the substrates were ultrasonically cleaned succes-
sively in acetone, ethanol, and deionized water, and then dried
in pure N, flow. Later on, 5% HF solution was employed to
remove the surface oxide layer on the Si wafer. The distance
from the target to the substrate was ~8 cm and the sputtering
gun was inclined at ~20° to the substrate normal. The base
pressure was ~6 x 10~*Pa. The alloy target with weight ratio
of Zn:Sn = 3:2 was used as the source material. (The purity of
both Zn and Sn are 99.99%.) The sputtering gas N, (SN in
purity) fixed at 10 sccm was controlled by a mass flow con-
troller to maintain the working pressure at 2.0 Pa. ZnSnN,
films with a thickness about 130 nm were fabricated by using
a sputtering power of 120 W. For the fabrication of p-Si/n-
ZnSnN, heterojunctions, the patterning was achieved with the
help of standard photolithography process using AR-P 5350
as photoresist and AR 300-26 as developer. Afterwards, the

© 2016 AIP Publishing LLC
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ZnSnN; films were wet-etched using HF and NH;3-H,O mixed
solution. Then, Ni (50 nm)/Au(20 nm) electrodes were depos-
ited on both ZnSnN, and Si using an electron beam evapora-
tion system. Finally, the films and the p-n junctions were
subjected to a thermal annealing in N, atmosphere for 3 h at
200°C, 300°C, and 350°C. Additionally, two strip-shaped
Ni/Au electrodes were also deposited on Si and some
ZnSnNy/quartz films followed by the same annealing treat-
ment, in order to check the electrode/semiconductor contact.
(The schematic structure and measured results are depicted in
Fig. S1 in the supplementary material.'®) The measured linear
I-V curves confirm that the Ni/Au electrode is in ohmic con-
tact with both p-Si and ZnSnN,, which ensures that the recti-
fying characteristics discussed in the following text are
attributed to the Si/ZnSnN, p-n junction rather than the metal/
semiconductor Schottky contact.

The phase composition of the films was characterized
by X-ray diffraction (XRD, Bruker D8 advance X-ray dif-
fractometer). The surface morphologies of the films were
investigated by scanning electron microscope (SEM, Hitachi
S4800). Energy dispersive X-ray facility (EDX, Oxford
X-max) attached to the SEM setup was used for oxygen con-
tent analysis. The absorption properties and film thickness
were analyzed by a variable angle spectroscopic ellipsometry
(M-2000D1, J. A. Woollam Inc.) in the photon energy (hv)
ranging from 0.73 to 6.20eV. The film electrical properties
were examined by Hall-effect measurement system (HP-
5500 C, American Nanometrics). The current-voltage (I-V)
properties of the p-n junctions were performed at room tem-
perature in the dark via a semiconductor characterization
system (Keithley 4200).

Figure 1 shows the 6-20 XRD patterns in the 26 region
of 25°-75°. Seven discernible peaks located at 30.6°, 32.7°,
34.9°, 45.8°, 54.7°, 60.0°, and 65.0° are observed for the as-
deposited and annealed films, consistent with the wurtzite-
like ZnSnN,.*'> By increasing the annealing temperature,
the intensity of the 32.7° peak corresponding to the (0001)
crystal direction is increased slightly, as confirmed by the
fact that the average grain size estimated by the Scherrer for-
mula is changed from 13.1 to 14.7 nm. It is also reported by
Fioretti er al.* that post-annealing treatment on ZnSnN, thin
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FIG. 1. XRD patterns with Miller indices of the as-deposited and annealed
ZnSnN, films.
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films could promote the (0001) preferential growth. In other
words, it is suggested that polycrystalline ZnSnN, thin films
can be synthesized even at room temperature, but further
grain growth requires a post-annealing temperature higher
than 350 °C or a longer annealing duration. Further efforts to
improve the crystal quality are still in progress in our group.
Figure 2 displays the SEM images of the ZnSnN, films on Si
wafer with different annealing temperatures. All these films
illustrate smooth and homogeneous surface morphology. No
distinct grain growth is observed at different annealing tem-
peratures, in a good agreement with the XRD observations.

Generally, metal nitrides films would contain oxygen.
The oxygen content in ZnSnN, films on Si wafer is deter-
mined to be 7.69%, 9.13%, 9.99%, 10.86% for the as-
deposited and the 200°C, 300°C, 350 °C-annealed ZnSnN,
films by EDX, respectively. The relatively high oxygen con-
tent could originate from residual oxygen in the growth pro-
cess and adsorbed H,O and O, on the film surface after
exposure to the ambient air. No peaks assigned to oxygen-
related phases are observed in XRD patterns probably due to
their amorphous states, since the foreign element (O) usually
boosts the microstructural disorder in ZnSnN,. Post-annealing
in N, may also induce further oxidation because of our not-
well-sealed furnace, so the oxygen content shows an increas-
ing trend with the temperature.

The absorption coefficient (¢;) can be obtained by spectro-
scopic ellipsometry modeling (the details have been reported
elsewhere'?), as shown in the inset of Fig. 3. All o spectra
have a relatively steep absorption edge, and the absorption
edge exhibits a small blue-shift with the increasing annealing
temperature. The (ozhz/)2 vs. hv plot (Fig. 3) is generally
adopted to extract the direct optical band gap. It is revealed
that the as-deposited and annealed films have the band gap of
~1.64eV and ~1.70eV, respectively, in line with the blue-
shift of absorption edge after annealing. This factor has
approached the ideal band gap for solar energy harvesting.

The electrical properties of the films were repetitively
tested by the Hall-effect measurement (the testing details are
given in Fig. $2'°), and the statistical results are listed in
Table I. In contrast to high conductivity character reported in
other literatures, the as-deposited film exhibited a high resis-
tivity beyond the measurement limit. The resistivity is

200 °C

As-deposited

—100nm

—100nm — 100nm

FIG. 2. SEM images of ZnSnN, films on Si with different annealing
temperatures.
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FIG. 3. Plots of (othy)2 vs. hv of the ZnSnN; films. The inset shows absorp-
tion coefficient spectra.

TABLE I. Hall-effect measurement results of the fabricated ZnSnN, films.

Annealing Resistivity Mobility Electron
temperature (°C) (Qcm) (em?>V~'s™h concentration (cm ™)
0 >10?

200 61.26 0.37 2.77 x 10"

300 17.03 1.29 2.85 % 10"

350 4.61 2.07 6.78 x 10"

decreased after annealing (down to 4.61 Q cm at 350°C),
due to an increase in both mobility (0.37-2.07 em? V- is™h
and electron concentration (2.77-6.78 x 10" ecm ™). The
increase of the electron concentration with annealing temper-
atures is probably related to the increasing oxygen content,
as supported by the first-principles calculations that oxygen
can substitute nitrogen to form Oy antisites acting as donors
in ZnSnN,."' Anyway our annealed samples obviously

Appl. Phys. Lett. 108, 142104 (2016)

demonstrate semiconductor characteristics. The tunable elec-
trical properties, in particular, the carrier concentration,
would pave a way to construct electronic or optoelectronic
devices.

Si/ZnSnN, p-n junctions (as schematically shown in the
inset of Fig. 4(a)) were fabricated at room temperature, and
then the as-deposited devices were treated with the same
annealing conditions as those of the films. The as-deposited
p-n junctions do not show any rectifying effect (as shown in
Fig. $3'%), probably due to the high resistivity of the unan-
nealed ZnSnN, films. After annealing, however, the p-n
junctions demonstrate clear rectifying effect, as illustrated
that the reverse currents are small while the forward currents
increase exponentially after tuning-on (Fig. 4(a)). As the
annealing temperature increases from 200 to 350°C, the
turn-on voltage decreases from 1.53 to 1.39 V. The forward-
to-reverse current ratio is up to 1066 at =1.5V for the device
annealed at 300 °C, while those of the 200 °C- and 350°C-
annealed p-n junctions are 123 and 81, respectively. Next,
the reasons for this variation will be further discussed.

The reverse I-V curves in double-logarithmic scale are
shown in Fig. 4(b). According to the fitting results, the charge
transport behaviors of the three p-n junctions mainly follow the
trap-controlled space charge limited conduction (SCLC) mech-
anism (i.e., / o« V™), which can be divided into three portions:
(i) m~ 1 under low voltage; (ii) m ~ 2, moderate voltage; and
(iii)) m > 2, high voltage. The SCLC is governed by single-
level shallow traps when m =2, and by exponentially distrib-
uted traps when m>2. For the latter case, the functional
form of SCLC current can be given by I=(sq' ~'w,N./
Q@4 DI+ 1) T eog NG+ D)V LY where s s
the device area, p,, the electron mobility, ¢y the permittivity of
free space, ¢, the static dielectric constant, q the electronic
charge, N, the density of the states in the conduction band, N;
the total density of traps, and /=TT (T. is a characteristic

()
0.025
0.020
g 0.015
0.010
0.005
FIG. 4. (a) I-V curves of the Si/
0.000 ZnSnN, p-n junctions annealed at dif-
ferent temperatures. The inset is sche-
S = D ‘33 LA 0.01 01 1 matic diagram of the Si/ZnSnN, p-n
(C) Al 3 (d) Viv) junctions. (b) The experimental and fit-
v 200°C ting reverse /-V curves in double-
O 300°C logarithmic scale. (c) The experimental
0.4} O 350°C Rs=16.8Q and fitting In(/)-V curves. (d)The ex-
R, =67.80 n=6.23 perimental and fitting ﬁ‘m vs. I curves.
=
n=471
S < o3}
= S R,=10.1Q
= n=5.95
0.2}
0'1 A A A A
0.000 0.004 0.008 0.012 0.016

1(A)
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temperature related to the trap distribution). It is noted that,
here, d is the width of the depletion region in the p-n junction
and is roughly proportional to N,~'/> when N,, < N,, (N,, and
N, are the carrier concentration in the ZnSnN, film and Si wa-
fer, respectively). Thus, the SCLC current [ oc N,2+1/2,
which means that the current would be highly sensitive to the
carrier concentration of the ZnSnN, films (here / ~ 5-6 based
on the fitting results). According to our Hall measurement
results, the electron concentrations of the 200 and 300 °C films
are very similar while less than a half of that of the 350°C
films. Hence, the reverse current of the 350 °C annealed devi-
ces is dozens of times higher than that of the other two counter-
parts, resulting in a small forward-to-reverse current ratio.
Conventional thermionic emission model is used to
extract the diode parameters of p-n junctions, as expressed

by]8
qV
I =1 — )1 1
O[CXP (nkT) :|a ( )

where ¢, n, T, V, k, and I, represents the charge of electron,
ideality factor, absolute temperature, biasing voltage,
Boltzmann constant, and the reverse saturation current, respec-
tively. The ideality factor n can be obtained from the linear
region slope of In(/)-V plot, as shown in Fig. 4(c). The ideality
factor is calculated to be 7.72, 6.68, and 6.04 for the 200 °C,
300 °C, and 350 °C-annealed devices, respectively. High ideal-
ity factor (1.0 for an ideal p-n junction) generally originates
from the presence of inter diffusion, highly strained interface,
structural imperfections (such as grain boundaries), or high se-
ries resistance (RX),w’22 etc. The ideality factor can also be
derived according to the following relationship,*

V-IR
The above equation can be further developed as follow:*'
ov nkT
= —+IRs. 3
omn) g T ®

The plot of aﬁl‘gl) vs. I should be linear, in which the slope and
intercept represent Ry and n, respectively. In this model, the
effect of series resistance was considered. Hence, one can
determine the influence of series resistance on the rectifying
characteristics through comparing the ideality factors derived
by this model and the ideal thermionic emission model. The
aﬁ“z]) vs. I plots are illustrated in Fig. 4(d), showing excellent
linearity. With increasing the annealing temperature, the series
resistance is decreased from 67.8 to 10.2 Q, which is in a good
agreement with the decreasing resistivity of the ZnSnN, films
(as illustrated in Table I). The ideality factor is extracted to be
4.71, 6.23, and 5.95 for the 200°C, 300°C, and 350°C-
annealed junctions, respectively, smaller than those corre-
sponding values extracted by the ideal thermionic emission
model. Interestingly, the ideality factor of the 200 °C-annealed
device drops a lot (from 7.72 to 4.71), while those of the devi-
ces with higher annealing temperatures decrease a little. It
implies that high series resistance is one of important reasons
for the moderate performance of the 200 °C-annealed junction,
while some other factors such as element inter-diffusion at

Appl. Phys. Lett. 108, 142104 (2016)

ZnSnN,/Si interface should be dominant for the 300°C and
350 °C-annealed devices. Annealing treatment at high temper-
atures brings about a tradeoff between series resistance and
interface quality. Further efforts are still ongoing to decrease
the series resistance and improve the interface quality.

In summary, polycrystalline ZnSnN, films and the heter-
ostructure p-n junctions were fabricated by DC-magnetron
sputtering. The structural, morphological, optical, and electri-
cal properties of the ZnSnN, films were investigated as a
function of the post-annealing temperature. By increasing
annealing temperature from O to 350 °C, the optical bandgap
was adjusted from 1.64 to 1.70eV and the resistivity was
regulated from high resistivity to 4.61 Q cm. The semiconduc-
tor characteristics of the annealed films were obtained, as seen
that the electron concentration and the electron mobility were
in the range of 2.77-6.78 x 10'”cm ™ and 0.37-2.07 cm?® V™!
s~ !, respectively. Finally, p-n junctions with sound rectifying
effect have been achieved by applying these semiconducting
films. These results reveal that semiconducting films can be
synthesized experimentally, which has broken the theoretical
prediction that the ZnSnN, material always displays a metallic
conductivity."' Furthermore, the achievement of the p-n junc-
tions demonstrates that the ZnSnN, material has an excellent
potential utilized as the core active layer in electronic and
optoelectronic devices.

This work is supported by the Natural Science
Foundation of Zhejiang Province (LY 16F040002), National
Basic Research Program of China (2012CB933003), and the
Natural Science Foundation of Ningbo (2015A610043).
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