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ARTICLE INFO ABSTRACT

Keywords: Zinc Oxynitride (ZnO,N,) thin films display high mobilities and a considerable tunability of both the free

Zinc oxynitride electron concentration and optical band gap. The properties achievable for this material system makes ZnO,N,,

Diode an intriguing n-type absorber candidate in silicon-based tandem solar cells. We have studied how the O:N

&afﬁﬁfyp ratio affect structural, optical and electrical properties of magnetron sputtered ZnO,N, thin films, as well
obili

the electrical behavior of ZnO,N-Si pn heterojunction diodes. X-ray diffraction of the ZnOsN, films indicate
either a ZnyN,-like structure or ZnO-like grains in combination with structural disorder. As the O:N ratio is
increased, the optical band gap of ZnO,N, films increase from 1.1 to 1.9 eV. Hall effect measurements of
the n-type ZnOyN, films show free electron concentrations varying with the O:N ratio, from 9.8 x 10" to
1.5 x 10' cm=3. Hall mobility up to 88 cm?/Vs is achieved. We observe the formation of pn heterojunction
diodes between ZnO,N,-films and p-Si. The electrical characteristics of these diodes are shown to depend on
the ZnO,N, anion composition. Current rectification of 3.7 orders of magnitude is achieved between -1 and 1
V at room temperature. However, the built in voltage extracted from capacitance-voltage measurements are

Electron concentration
Current-voltage
Capacitance-voltage

higher than theory suggest, implying an influence of defects on the electrical characteristics.

1. Introduction

Zinc oxynitride (ZnOyN,) is a n-type semiconductor that has gained
recent attention due to its potential as a high mobility gate in thin-
film-transistors. Both electrical and optical properties are easily tunable
within a range that enables other potential applications, such as tandem
solar cells, photodetectors, etc. Importantly, films can be deposited by
magnetron sputtering at low temperatures, making it suitable for large
scale manufacturing.

The electrical conduction of ZnO,Ny films are significantly affected
by the O:N ratio. Hall mobilities up to 120 cm?/Vs [1-4] has been
achieved for nitrogen-rich, magnetron sputtered films. Free electron
concentration is observed to decrease as the O:N ratio increases, with
reported values ranging from 10'° to 102 cm=3 [5,6]. Notably, these
values are observed despite highly disordered crystal structures or even
amorphous films.

In addition, the O:N ratio strongly influence the optical band gap of
ZnOXNy films, shown to vary from 1.1 to 3.2 eV [7-10]. This range
is ideal for the optimization of a top cell absorber in a monolithic,
two terminal tandem solar cell with a Si-bottom cell. With a top cell
absorber band gap of ~ 1.7 eV, the theoretical efficiency increases with
near 50% compared to a Si-only solar cell [11]. However, little research
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has been performed on the electrical properties of ZnOyN, films and
diodes with or in the vicinity of this band gap.

The few demonstrated diodes with ZnO,N, exhibit current recti-
fication of approximately three orders of magnitude between —1 and
1V, achieved with a zinc—cobalt oxide/ZnOXNy pn heterojunction [12]
and a Ni/A1203/ZnOXNy metal-insulator diode [13]. However, these
reports do not elaborate on how anion composition or deposition
parameters influence diode behavior.

This work aim to elucidate on how the anion composition influence
ZnOyN, films and ZnO,N,-silicon heterojunction diodes deposited by
magnetron sputtering. RF and DC sputtered films and diodes are also
compared. Specifically, current-voltage and capacitance-voltage of het-
erojunction diodes are analyzed in light of the structural, electrical and
optical properties of ZnO,N, films.

2. Experimental details
2.1. Deposition and sample preparation

ZnOyN, films were grown in a Polyteknik Flextura magnetron sput-
tering system at room temperature, with a chamber base pressure
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< 2x107° Pa. A 3" Zn target (99.995%) was subjected to either 150 W
RF (19.7 W/cm?) or 100 W DC (13.1 W/cm?) power in a 1 Pa atmo-
sphere consisting of O,, N, and Ar. The flow of O, and N, were varied,
but the sum of O, and N, flow was kept constant at 20 sccm. Specific
deposition parameters for the films in this work are summarized in
Table 1.

Films were deposited simultaneously on both Fused Silica (FS) and
Boron-doped (100), Czochralski Si substrates. The p-Si substrate had
a resistivity of 7.5 Qcm, as measured by a Jandel KM3-AR 4-point
probe. This corresponds to a doping of 1.8 x 10> cm~3. In order to
avoid oxidation of the films, samples were stored in a N, filled glove
box [14,15].

The ZnO,N,~Si heterojunction diodes were prepared by depositing
300 nm Al Ohmic front contacts in an Angstrom EvoVac e-beam
system. Depositions were performed with a rate of 0.05 nm/s at room
temperature, from a base pressure < 10~* Pa. Mesa diodes were defined
by placing droplets of Microposit 1813 photo resist on the Al-contacts,
drying in room temperature and then etching in 1:100 HCl:deionized
water. Silver paste was used for the Ohmic contact on the back side of
the Si-substrate.

2.2. Characterization

Film thickness was evaluated by a Veeco Dektak 8 Stylus Profilome-
ter on films with sharp edges defined by etching. Composition was
analyzed with SEM-based Energy Dispersive X-ray Spectroscopy (EDS),
using a JEOL IT-300 equipped with a ThermoScientific Ultradry detec-
tor and Pathfinder X-ray microanalysis software. EDS measurements
with a 20 kV acceleration voltage revealed Zn, O and N as major
constituents, in addition unavoidable surface carbon. However, trace
amounts of Fe Ka was also observed. Stoichiometry was calculated
from a 3 kV spectra, in order to reduce X-ray intensity decay for
light elements [16] and a standardless phi-rho-Z analysis. All spectra
were acquired using a count-rate of 6400 ns and 20% dead time. An
acceleration voltage of 3 kV correspond to 95% of all characteristic X-
rays being generated within 41 nm from the surface, as calculated by
Casino v2.5 [17] and an assumed film density of 6.4 g/cm?.

Structural analysis is based on X-ray Diffraction (XRD) 20 measure-
ments of films on Si substrates. A Bruker AXS D8 Discover system with
a Cu Ka (4 = 0.15406 nm) X-ray source was used, equipped with a Ge
(220) double bounce monochromator filtering out Ka, (4 = 0.15444 nm)
signals. A step size of 420 = 0.01° was used.

Optical transmission and reflection measurements of fused-silica
grown samples were performed at room temperature using a Shimadzu
SolidSpec-3700 DUV with an integrating sphere.

Room temperature Hall measurements were conducted on films
grown on FS substrates. A LakeShore 7604 with 1.3 T magnetic field
was used to measure RF3 and DC1, due to high resistivity. A homemade
setup with Keithley 7001, 2182 A and 6221 and a 1.02 T magnet were
used for samples with Hall mobility > 25 cm?/Vs (RF1 and RF2). Diodes
were characterized by Current-Voltage (IV) and frequency dependent
Capacitance-Voltage (CV) measurements, using a Keithley 8410 and an
Agilent 4280 A LCR-meter respectively.

3. Results
3.1. Composition and crystal structure

SEM-EDS reveal emission from O-Ka, N-Ka and Zn-L peaks, in
addition to unavoidable C-Ka on the surface, as shown in the 3 kV
spectra in Fig. 1. The concentration of oxygen increase from 8.6 at.%
in RF1 to 32.7 at.% in RF3, normalized by the sum of Zn, O, and N.
All films has a Zn concentration of ~ 50%. Therefore, the O:N ratio
is significantly increased by increasing the O, flow during deposition
as summarized in Table 1. Unfortunately, EDS does not distinguish
between different local chemical environments. The degree to which
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Fig. 1. EDS spectra for the different films, acquired with a 3 kV accelerating voltage.

Table 1

Summary of the deposition parameters explored in this work, together with film
thickness obtained by profilometry and oxygen concentration and O:N ratio of films
derived from EDS.

Deposition details Film properties

[0

Film Target power o Thickness [O] O:N
RF1 150 W RF 2% 1030 + 10 nm 8.6 +0.2% 0.22
RF2 150 W RF 3% 1040 + 10 nm 18.1+£0.3% 0.56
RF3 150 W RF 4.5% 1250 + 10 nm 32.7 +0.6% 1.94
DC1 100 W DC 11% 960 + 20 nm 29.6 + 0.6% 1.36

oxygen and nitrogen can exist in interstitial or substitutional positions,
as molecular species or other bonding configurations is not possible to
determine.

An additional feature, barely discernible over the bremsstrahlung
background, can be seen around 0.7 keV in Fig. 1. This coincides with
Fe-La radiation, expected from the observation of Fe-Ka peaks in the
20 kV spectra described in Section 2.2. Attempts at estimating such
small features is challenging, but the Fe-concentration is < 0.2 at.% in
all films.

Distinct XRD diffraction patterns are observed in every film. As
shown in Fig. 2, the sole peak in the nitrogen rich RF1 film at 20 = 53.2°
is related to cubic Zn;N, (440). This peak has previously been observed
for ZnOxNy-films [18]. The small mismatch between the powder-based
database value of Zn;N, (440) [19] and our films is attributed to thin
film strain and oxygen incorporation. The more oxygen rich RF2 have
a singular peak in the vicinity of Zn;N, (440), but shifted towards a
higher 26-value. Therefore, the diffraction peak for RF2 is assigned to
a ZmN, (440) like plane in ZnOXNy, but with a 2.5% reduction in
the lattice constant compared to the powder-based database value for
Zn3N,. A similar effect has been observed previously by Gao et al. [20].

The oxygen rich samples RF3 and DC1 have decidedly different
diffractograms compared to the two oxygen poor samples RF1 and RF2.
Both have a single peak between 32-33°. This is attributed to severely
strained ZnO (002), previously observed for ZnOXNy films [4,7,20—
22]. However, this interpretation corresponds to a c-axis constant
increase over the database-values [23] of 3.6% and 7.2% for RF3 and
DC1 respectively. In addition, these two oxygen rich samples have a
broad feature between 35 and 40°. This feature is not related to a
known crystal plane. Due to the non-equilibrium growth conditions,
we attribute this feature to highly disordered grains, potentially meta-
stable and nanometer-sized [4,24]. Note that ZnO (101), Zn;N, (400)
and (411) diffraction values are all within the range of the feature.
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Fig. 2. XRD diffractograms of samples grown on Si-substrates. The asterisk indicate
peaks not related to the ZnOsNy film. The asterix at 32.89° is a forbidden (200) Si
peak with a ¢ dependent intensity, whereas the peak at 44.5° is from the sample
holder. Dotted lines refer to database values of theoretical calculations of Zn;N, [19]
and experimental ZnO measurements [23].

3.2. Optical band gap

The optical transmission of films at photon energies lower than the
absorption edge energy is characterized by constructive interference in
the films, seen as fringes in Fig. 3. Further, we observe an increase
in the apparent absorption onset as the O:N ratio increase, from be-
tween 1.0-1.3 eV for RF1 to between 1.6-2.1 eV for RF3. An accurate
description of the absorption edge energy requires a precise description
of the absorption coefficient a, achieved by combining transmission and
reflection measurements [25].

Estimating the optical band gap by the commonly utilized Tauc-
analysis yielded ambiguous and nonphysical conclusions. A pronounced
linear dependence could not be found when plotting (a¢hv)’ as a func-
tion of hv for direct allowed transitions (y = 2). Although some
linear dependencies were observed for indirect transitions (y = 0.5),
the extracted absorption edge energies were significantly lower than
the rough onset estimates discussed above. Note that a fundamental
assumptions of Tauc-analysis is an amorphous structure, where mo-
mentum does not need to be conserved and the conduction band is
described by localized states [25-28]. An alternative approach were
therefore chosen, consistent with crystalline structures [25,26,29-31].
Similar to Tauc analysis, the model predicts a linear dependency on hAv
near the absorption edge and is presented in Eq. (1).

o & (hv — Eg), for hv > Eg; (€D)

The absorption edges of all films are best described by direct al-
lowed transitions, i.e. y = 2, as shown in the inset of Fig. 3. Estimates of
the optical band gap are based on linear regression near the absorption
edge, with a required goodness-of-fit parameter R> > 0.999 over a hv
region larger than 0.3 eV. It is confirmed that increasing the oxygen
concentration in the RF-series yields a higher absorption edge energy,
from E; = 1.12 to Eg = 1.76 ¢V in RF1 and RF3 respectively. The band
gap of RF3 is suitable for a top cell absorber in two-terminal tandem
solar cells which utilizes a silicon bottom cell. Despite a lower O:N ratio
than RF3, DC1 has the highest absorption edge energy. This implies a
difference in chemical environment of nitrogen between RF3 and DC1.
Considering the higher target power of RF3 over DC1, one can speculate
that DC1 has a higher degree of molecular nitrogen (N,) than RF3.
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Fig. 3. Optical transmission of films as a function of photon energy. Inset shows a>(hv),
where asterisks indicate the start and end points of linear regression.
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Fig. 4. Free carrier concentration, Hall mobility and optical band gap at room
temperature.

3.2.1. Hall effect

Hall effect measurements confirm n-type conductivity in all films.
The free electron concentration, shown in Fig. 4, decreases by nearly
two orders of magnitude as the O:N ratio increases, from 9.8 x 107
to 1.5 x 10'® cm™3 for RF1 and RF3 respectively. DC1’s free carrier
concentration is an order of magnitude larger than that of RF3, despite
an absorption edge energy comparable to RF3.

Both the oxygen-poor samples RF1 and RF2 have a Hall mobility
of 88 cm?/Vs. Further increases in the O:N ratio of films results in a
notable decline in mobility. Interestingly, this decrease coincide with
structural changes observed by XRD. Both of the oxygen rich samples
RF3 and DC1 have a different crystallographic structure and larger de-
gree of structural disorder than RF1 and RF2. This trend contrast some
reports on ZnO,N,-films, where disorder is considered advantageous
for high mobility [4,5,32]. However, more extensive measurements are
required to describe the physical processes determining or limiting the
electron mobility.

3.3. Current—voltage of diodes

The mesa diodes consisting of ZnO,N, deposited on moderately
doped p-Si substrates yielded rectifying junctions for all O:N ratios.
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Fig. 5. Current density as a function of voltage. The dashed lines is the result of fitting
the JV-curve to Eq. (2). The mesa-diode illustration is not to scale.

Table 2
Reverse current, ideality factor, series and shunt resistance necessary for fitting the JV'
measurements to Eq. (2).

Diode J, [A/cm?] R, [Q] n Ry [Q]

RF1 44 £ 02) x 100° (15 £ 02) x 10° 1.2+02 (20 + 0.1) x 10?
RF2 (62 + 03) x 1075 (85 + 2) x 10* 1.8 +03 (32 + 0.1) x 10
RF3 (13 + 02) x 106 (26 + 06) x 10° 1.5+02 (13 + 0.1) x 10°
DC1 (8 + 04) x 10°% (1.0 £ 0.1) x 107 1.1 £0.05 (66 + 0.4) x 10

However, only DC1 has a pronounced exponential region, which results
in an ideality factor n of 1.1 when fitted to Eq. (2). This extended diode
equation expands the ideal diode equation with a series resistance Rg
and a parallel shunt resistance R, [33]. All diodes have been fitted
to this equation, with various success as shown in Fig. 5 and Table 2.
Further, all diodes are limited by series resistance in forward bias.

‘l(V_If{y) V - IRy
I=I (e ™ —1)4+——2 ®)
Rsh

The oxygen-poor RF deposited ZnO,N, diodes have high reverse
current densities of J, ~ 1072 A/cm? and consequently low rectifica-
tion. Increasing the O:N ratio to that of RF3 results in a significant
decrease in J,. However, the lowest J; is achieved with DC1, despite
a lower O:N ratio than RF3. DC1 thus achieves the highest current
rectification of 3.7 orders of magnitude between —1 and 1 V.

The trend in J, cannot be explained by simply considering the
difference in free electron concentration, mobility and band gap as in
the drift-diffusion approximation. On the other hand, the shift in J,
coincide with the changes in crystal structure as observed by XRD.
A change of the ZnOyNy structure could yield different defects dom-
inating the electron transport. In addition, it would affect the interface
between ZnO;N, and Si. A high degree of defect states, either in bulk
ZnOyNy or at the ZnO,N,-Si interface is expected to influence the
electric conduction through the hetereojunctions.

3.4. Capacitance—voltage

For ideal diodes, a plot of C~2(V) yield a linear slope. For the
diodes in this study, this is true for ¥ < —1 V when measuring with a
1 MHz probing frequency at room temperature, as shown in Fig. 6(a).
The slopes of RF1, RF2 and DC1 corresponds to asymmetrical diodes,
as the extracted ionized donor concentration from C~2(V) yields the
Si-substrate doping. On the other hand, the steeper slope of RF3 corre-
sponds to a more symmetric junction with a non-negligible depletion
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layer in the ZnO,N,. This result corresponds well with the independent
calculations of the diode band structure shown in Fig. 6(b), which
show a depletion region mostly in Si. These simulations are performed
with Silvaco Atlas and are based on an assumed electron affinity of
XzooN = 4.6 [2,10,34], the band gap and Hall results of RF3, in addition
to no defect states and interface-layers.

Every diode deviate from a linear C~2(V) dependence at voltages
between —0.1 and 0 V. However, RF3 yields non-linear dependence at
the larger interval —1 to 0 V. As a consequence, all estimates of the
apparent built-in Voltage V}, is calculated from the region V < -1 V.

Apparent ¥, values are found to vary from 0.7 to 1.6 V at room
temperature and 1 MHz probing frequency. The values are significantly
higher than expected from the Anderson electron affinity rule, which
predicts ¥, < 0.29 V for all diodes. Both the high ¥, and the non-
linearity of C~%(V) are attributed to a presence of defects near or at
the interface.

4. Summary

ZnOyN, films with varying anion composition were deposited using
RF and DC magnetron sputtering. Crystalline films are formed, with
a micro-structure highly dependent on the anion composition. Optical
band gap increases with higher O:N ratios for RF-deposited films, up
to 1.76 eV. On the other hand, free carrier concentration is reduced by
near two orders of magnitude as the O:N ratio increase. Of particular
interest for a PV tandem top cell absorber is the combination of n =
1.5 x 10'® cm™ and Eg = 1.76 eV. ZnOxN,, deposited on p-Si forms pn
diodes, with a rectification up 3.7 orders of magnitude between —1 and
1 V. We observe indication of defects in these heterojunction diodes
that affect the electrical characteristics of the junction, either in the
ZnO,N, layer or at the interface between ZnO,N, and Si.
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