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The development of transparent bipolar oxide devices is largely hampered by the lack of oxides with
reliable p-type conductivity. Recent calculations show that rock salt (RS) structured ZnO alloys are
promising candidates for transparent p-type oxides. Here, we synthesize wide-gap Zn;_,Ni, O alloy thin
films over the entire composition range on glass substrates by means of radiofrequency magnetron sput-
tering. We find that the Zn;_,Ni,O alloy thin films undergo a phase transition from wurtzite (WZ) to RS
structure as the Ni content x increases to x ~ 0.27. Interestingly, the band gap of RS-Zn,_,Ni, O is about
4.6 eV at the WZ to RS transition composition (x ~ 0.27) and decreases with x to the value of RS-NiO
(~3.8 eV). Nominally undoped alloy thin films sputtered in pure Ar are semi-insulating, while O-rich RS-
Zn;_,Ni, O thin films with relatively high x (e.g., x > 0.5) sputtered in Ar" 1.4% O, and/or with Cu doping
exhibit good p-type conductivity at room temperature. The hole transport in these RS-Zn;_,Ni, O alloy
thin films follows a small polaron hopping process, with activation energy ranges from 0.19 to 0.32 eV.
Drastic differences in the electronic band structure of the WZ and RS Zn;_,Ni, O alloys are also observed
with a type II band offset for alloys at the WZ to RS transition composition. The valence band maximum
(VBM) of the RS phase is >1 eV above that of the WZ phase, making them energetically more favorable
for the formation of native acceptor defects. The much higher VBM position of RS alloys also favors their

extrinsic p-type doping efficiency.
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I. INTRODUCTION

Wide-gap transition-metal oxides have attracted much
attention in recent years, owing to their technological
importance in a broad range of optoelectronics appli-
cations, including solar cells, photodetectors, and light-
emitting diodes (LEDs) [1-3]. However, the development
of oxide-based optoelectronics is largely hindered by the
lack of reliable p-type metal oxides. For instance, high-
efficiency WZ-ZnO-based ultraviolet LEDs have not been
realized due to difficulties in achieving robust p-type
ZnO with controlled electrical properties [4—6]. For an
ideal transparent p-type oxide, the material has to have a
wide gap with a high valence band edge (VBE) and low
hole effective mass. In most metal oxides, however, the
VBE states are derived from O 2p orbitals and located
far below the vacuum level, resulting in localization of
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holes (formation of deep acceptor states), and thus, mak-
ing efficient p-type doping of these materials (including
WZ-ZnO) extremely challenging [7]. In the last decade,
numerous experimental and theoretical investigations have
been devoted to the design and development of various
p-type metal oxides through VB engineering [7—12]. For
example, Hautier et al. identified a few wide-gap p-type
metal oxides (e.g., 4,Sn,03, 4 = K, Na) with exception-
ally low hole effective mass based on high-throughput
computations [11]. In our recent work, we demonstrated
that the VB maximum (VBM) of the ZnO-rich highly mis-
matched alloy WZ-ZnO,_,Te, shifted upward by about
1 eV due to the anticrossing interaction between the VB
states of the matrix, ZnO, and Te localized states, making
it more favorable for p-type doping compared with other
transition-metal oxides [12].

A recent computational study by Goyal and Stevanovi¢
proposed that ZnO in the RS phase could be a promis-
ing p-type wide-gap oxide, with a relatively high absolute
VBE position and low hole effective mass [13]. However,
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RS-ZnO is a metastable phase and its synthesis is achieved
only at high pressure (~9 GPa) [14,15]. To facilitate the
growth of RS-ZnO, one can alloy ZnO with a RS oxide
(e.g., CdO, MgO, NiO) and/or grow it on a substrate
with RS structure (e.g., MgO) [16—18]. Since NiO is a
well-known wide-gap (E; ~ 3.8 eV) p-type semiconduc-
tor with RS structure and an unusually high location of
the VBE (i.e., approximately 4.8 eV below the vacuum
level) [19], alloying of ZnO with RS-NiO would be of par-
ticular interest to achieve p-type dopable RS-ZnO-based
alloys. A few earlier investigations have reported the syn-
thesis and optoelectronic properties of ZnO-NiO alloys
[18,20-23]. For instance, Katayama et al. grew RS-
Zn;_,Ni,O (x >9%) thin films on MgO (100) single-
crystal substrates using pulsed-laser deposition [18],
while Langell et al. synthesized RS-Zn;_,Ni, O (x > 0.68)
through a solid-state reaction [23]. Nevertheless, detailed
investigations into the electronic band structure, phase
stability, doping, and optoelectronic properties of RS-
Zn;_,Ni, O alloy thin films over a wide alloy composition
range are still lacking.

Here, we report on the synthesis of transparent
Zn;_,Ni,O alloy thin films over the entire composition
range by RF magnetron cosputtering with ZnO and NiO
sputtering targets. We find that, as the Ni content increases,
the Zn;_,Ni, O alloy thin films undergo a WZ to RS struc-
tural phase transition with a large upward shift of the VBE
by about 1 eV. RS-Zn;_,Ni, O alloy thin films can exhibit
p-type conductivity at room temperature by controlling
cation vacancy and/or oxygen interstitial native defects via
growth in an oxygen-rich environment. The p-type doping
in RS-Zn;_,Ni,O can also be realized by extrinsic doping
with Cu. The optoelectronic and carrier transport proper-
ties are investigated in detail through a variety of analytical
techniques.

II. EXPERIMENT

Zn;_,Ni, O alloy thin films are grown on glass sub-
strate using a multigun radiofrequency magnetron sput-
tering system with separate ZnO and NiO targets at an
elevated substrate temperature of about 270 °C. The oxy-
gen flow ratio, f (0,)/[f (Ar) +f (O3)], in the sputtering
gas is fixed at 0% (pure Ar) or 1.4%. Hereafter, for the
convenience of discussion, we refer to films deposited
in pure Ar and Art 1.4% O, as stoichiometric and O-
rich films, respectively, although the determination of the
exact stoichiometry of the films is difficult. The Cu dop-
ing (<2%) is achieved by cosputtering with a metal Cu
target. Alloy composition is controlled by varying the
sputtering power of the individual targets. The compo-
sition and thickness of alloy films are determined by
means of Rutherford backscattering spectrometry (RBS)
using a 3.04-MeV He?" beam. The crystal structure is
analyzed by grazing-incidence x-ray diffraction (GIXRD)

with a grazing incidence angle of 1°. Standard (isotropic)
spectroscopic ellipsometry (SE) measurements are per-
formed at room temperature in the photon energy range of
0.74-6.45 eV at incidence angles of & =55, 65, and 75°
using a rotating-compensator instrument (J. A. Woollam,
M-2000). Electrical properties are investigated by means
of variable-temperature (300450 K) Hall-effect measure-
ments in the van der Pauw configuration using an Ecopia
HMS-5500 system, while the room-temperature Seebeck
measurements are conducted to verify the p- or n-type
conductivity of the films with an MMR SB1000 system.
High-resolution XPS measurements are performed using a
monochromatic AIK x-ray source (hv = 1.487 keV). Pho-
toelectrons are collected and analyzed with a concentric
hemispherical analyzer. Positions of the VBM are mea-
surement by means of ultraviolet ambient-pressure pho-
toemission spectroscopy (UV-APS) with a KP Technology
APS04 system using UV light excitation in the photon
energy range of 3.4 —7 eV.

III. RESULTS AND DISCUSSION

A. Crystal structure

All as-sputtered Zn;_,Ni,O thin films are polycrys-
talline with thicknesses in the range of 90-150 nm.
Figure 1(a) shows the GIXRD spectra from a series of typ-
ical Zn;_,Ni, O alloy thin films, with x ranging from zero
to one. The grain size of these films is about 15 nm from
the diffraction peak width using the Scherrer equation. As
observed, the (002) diffraction peak is most prominent
for WZ-ZnO. As NiO is alloyed with ZnO, the inten-
sity of the (002) peak drops, while the intensity of the
WZ phase (103) diffraction peak increases. It should be
noted that the intensity of the (002) peak is largely reduced
in the GIXRD measurement of thin films, with preferen-
tial orientation perpendicular to the substrate, since the
scattering vector cannot be aligned with the surface nor-
mal. From the symmetric 6/20 XRD measurements (not
shown), we find that the preferred orientation of these WZ-
Zn;_,Ni, O alloy thin films is along the ¢ axis (001), with
the strongest diffraction peak at (002). As the Ni con-
tent increases to x > 0.27, the GIXRD pattern changes,
showing a strong peak at 26 ~ 36°, which corresponds to
the (111) diffraction peak from alloys with a RS struc-
ture. This RS-Zn;_,Ni,O (111) diffraction peak shows a
slight shift toward higher angle with increasing x, suggest-
ing that the lattice parameter decreases. It is worth noting
that the composition at which the phase transition occurs
critically depends on the growth conditions (e.g., growth
method, substrate, temperature, sputtering gas composi-
tion). For instance, Katayama et al. reported that epitaxial
RS-Zn;_,Ni,O was formed at a low level of Ni (x =0.09)
using pulsed-laser deposition on a MgO (100) substrate
[18], while in our previous work we found that pure WZ-
Zn;_,Cd,O alloy thin films could be stable up to a much
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higher Cd composition of x ~0.72, with a narrow mixed-
phase region, when grown in an O-rich environment [16].
Here work, we find that the phase transition point can be
slightly affected by the sputtering gas composition. Specif-
ically, the lowest Ni content, x (i.e., x =0.27), for a pure
RS-Zn;_,Ni,O alloy thin film is obtained when sputtered
in a gas with 1.4% O,, while the WZ phase is more stable
for thin films with x < 0.3 when sputtered in pure Ar.

As shown in Fig. 1(b), the lattice parameter of the
RS-Zn;_,Ni, O alloy thin film reduces linearly as the Ni
content x increases, in agreement with other reports in the
literature [23,24]. By extrapolation, the lattice constant of
RS-ZnO is about 4.41 A, which is close to the experimen-
tal value of 4.28 A estimated from high-pressure diffraction
measurements [25]. Similarly, the lattice parameter of the
WZ-Zn,_,Ni, O alloy exhibits a reduction with increasing
Ni content x (not shown). In the Zn;_,Ni, O alloys, Ni is
mainly located at the substitute site of Zn in the corre-
sponding structure phase. Changes in the lattice parameter
with composition can be understood by taking into account
the ionic radii of Zn>* and Ni** in the corresponding crys-
tal structures with certain coordination number (Z). For the
WZ phase structure, the radii of Zn?>* (Z=4) and Ni**
(Z=4) are about 0.6 and 0.55 z&, respectively, while, in
the RS phase structure, the radii of Zn>* (Z = 6) and Ni**
(Z =6) are about 0.74 and 0.69 A, respectively [26]. In
both structures, the radius of Ni** is smaller than that of
Zn*, leading to a reduction of the lattice parameter with
increasing Ni content x.

B. Optical properties

The optical properties of Zn;_,Ni, O alloy thin films
are studied using SE. SE measures the relative change of
the polarization state of light reflected (7, and 7y) from
(or transmitted through) the surface of a sample, provid-
ing unique advantages over the traditional transmittance-
reflectance measurements. In reflection mode, SE yields
the complex ratio, p, between the Fresnel reflection

coefficients for p and s polarizations, i.e., p =71,/r; =
tan W exp(iA), where W and A are the amplitude ratio and
phase difference, respectively. In principle, the dielectric
function, €, of optically anisotropic materials, such as ZnO
or ZnO alloys with WZ structures, can be expressed by
the ordinary (£)) and extraordinary (¢, ) components, cor-
responding to the electric field polarization perpendicular
(E_Lc) and parallel (E || ¢) to the optical axis, respec-
tively [27—29]. Nevertheless, it is demonstrated that € of
ZnO from the isotropic fit yields € similar to that of the
ordinary g [30], and the extraordinary &; has a minor
influence on (¥, A), far above the absorption edge [31].
Thus, the isotropic fit is a sufficient approach for an ellip-
sometry study of the WZ-structured ZnO- or ZnO-based
alloys [29,32], which is also adopted in this work.

SE data analysis is based on the three-layer optical
model, i.e., the glass substrate, Zn;_,Ni,O film, and a
surface roughness layer. For WZ-Zn;_,Ni, O thin films,
Psemi-MO0 & Gaussian oscillators are used to describe their
dielectric function, while only Gaussian oscillators are
adopted for RS-Zn;_,Ni,O alloys. These dielectric func-
tion models can fit the experimental SE data (W, A) very
well over the whole spectral range. Figure 2 shows the
SE spectra (both measured and fitted values with an angle
of incidence of 75°) for a typical WZ-Zn gsNig ;50 alloy
thin film, with a mean square error (MSE) around 2.23.
Based on SE analysis, the dielectric function, i.e., e(£) =
&1(E) + iey(E), can be derived, where &,(£) and &,(E)
are Kramers-Kronig transforms of each other. Figure 3(a)
presents €; of Zn;_,Ni, O alloy thin films sputtered in pure
Ar. It is worth noting that the obtained values of € (includ-
ing &1 and &;) of NiO and ZnO are comparable to values
reported in the literature [28,33]. As shown in the €| spec-
tra, the free-exciton transition (from the uppermost VB
with 'y symmetry to the conduction band (CB) with I';
symmetry [34,35], also referred to as 4 exciton) at a pho-
ton energy of about 3.3 eV is distinct at room temperature
for the WZ-ZnO thin film. This peak is considerably broad-
ened as x increases, resulting from alloying effects. Such an

FIG. 1. (a) GIXRD spectra of Zn;_,Ni,O

alloy thin films with different Ni content x; (b)
the lattice parameter of RS-Zn;_,Ni, O alloy as
function of x, with the red dashed line as the
1 corresponding linear fit.
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(a) (b) FIG. 2. Measured (black squares) and fitted
T . — . . 30 T T T T T T (red solid lines) SE spectra [V and A in (a),(b),
26T 1 respectively] of a ZnggsNig, ;5O thin film, with
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excitonic optical transition is also discernable from the &,
spectra (not shown) or optical absorption coefficient . In
contrast, the exciton peak in WZ-Zn,_ Mg O (x <0.21)
alloys does not show such distinct broadening as the Mg
content increases, owing to its high exciton binding energy
(approximately 60 meV), which apparently compensates
for the alloy broadening effect [29,32,36]. Hence, it is very
likely that the exciton binding energy for WZ-Zn;_,Ni, O
is much lower than that of WZ-ZnO or WZ-Zn;_,Mg, O. In
addition, the exciton absorption energy of WZ-Zn;_,Ni, O
alloy film exhibits a blueshift with increasing x, which is
similar to that of WZ-Zn;_,Mg O alloy thin films [27].
Figure 3(a) also reveals that, as the alloy undergoes the
WZ-RS phase transition at x ~0.27, there is an abrupt
change in the dielectric functions. This is understandable,
since the dielectric function is determined by the band
structure and the many-particle interaction of a given mate-
rial [29,37]. For the RS-Zn;_,Ni, O alloys, the main critical
point at around 4 eV shows a redshift as x increases.

The complex refractive index 7 = n + ik can also be
obtained from the dielectric function through the Maxwell
relation, where n and « are the refractive index and extinc-
tion coefficient, respectively. Figure 3(b) shows that n at
E=2 eV for the Zn;_,Ni,O alloy thin films sputtered
in pure Ar increases linearly with Ni content x for both
the WZ and RS alloys. Notably, values of n for the RS
structure alloys (~2.2-2.4) are also significantly higher
than those for the WZ alloys (approximately 2). The opti-
cal absorption coefficient @ can be expressed in terms of
the extinction coefficient as @« = 4w« /1. The values of «
of Zn;_,Ni,O alloy thin films with different x shown in
Fig. 3(c) reveal that, with the addition of Ni to ZnO, the
subgap absorption increases substantially. This is very sim-
ilar to NiO or NiO-based alloys (e.g., Ni,Cd;_,O), which
is attributed to native defects, in particular, Vy; which
induces p-d charge-transfer transitions and/or to the d-
d crystal-field transitions [38—40]. Hence, it is expected
that the optical properties are strongly affected by varying
the concentration of these native defects in these alloys.

Photon energy (eV)

Since the formation of these cation vacancies becomes
favorable under an O-rich environment [41], the concen-
tration of these defects can be controlled by sputtering
with a mixture of Ar and O,. For comparison, we note
that such high subgap absorption is not present in the WZ-
Zn;_,Cd, 0O alloy thin films over a wide composition range
(0<x<0.66) [16]. Figure 3(d) compares the absorption
coefficient spectrum of an O-rich Zng49Niy5;O film and
that of a stoichiometric film with comparable composi-
tion (Zng47Nips30). Notably the value of « in the subgap
region (<4 eV) for the O-rich film with a higher concen-
tration of Vy; (and possibly O; as well) is about five times
higher than that of the stoichiometric alloy film. Hence,
the magnitude of the subgap « value of RS-Zn;_,Ni,O
qualitatively describes the concentration of native accep-
tors (i.e., Vi, O;), which, in turn, affects their p-type
conductivity. This is discussed in Sec. C.

The optical band gaps (Eg") are estimated in two differ-
ent ways, i.e., (i) by a normal procedure of extrapolating
o versus photon energy plots to the energy intercept, and
(ii) by using the second derivative of €; (i.e., d*e|/dE?)
[42,43]. For example, Fig. 4(a) shows d’s|/dE* of the
71 24Niy 760 alloy; the black arrow indicates the band-gap
energy. Since the Zn;_,Ni,O alloy thin films are semi-
insulating or with a low carrier density (i.e., <10 cm™),
free carrier effects (i.e., the Burstein-Moss shift effect and
the band-gap-renormalization effect) on the band-gap mea-
surements are negligible [44], and the measured Eg" val-
ues correspond to the intrinsic band gap (E,). Figure 4(b)
shows values of £, of Zn;_,Ni,O alloys with different x
obtained by both methods. In general, E, values estimated
from o extrapolation are much lower than those derived
from d’e|/dE?, especially for RS-Zn;_Ni,O alloys. For
the RS-Zn;_,Ni,O alloys, the E, decreases as x increases,
which is also evidenced from the redshift of the main
critical point in &;. While for the WZ-Zn;_,Ni, O alloy
thin films, the £, values extracted from o and d?e;/dE?
exhibit opposite trends, i.e., the former and latter show a
decrease and an increase with x, respectively. As is well
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FIG. 3. (a) Real part (¢;) of the dielectric
function, (b) refractive index n at E=2 eV,
and (c) optical absorption coefficient o for RS-
Zn;_,Ni,O thin films with different Ni content
x (sputtered in pure Ar); the inset of (c) shows
o for the WZ-Zn;_,Ni,O thin films. (d) Val-
ues of « of RS-ZHO_47Ni0‘53O and Zn0_49Ni0<510
sputtered in pure Ar and Ar with 1.4% O,,

respectively.
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known, the band edge of semiconductor alloys is typi-
cally broadened due to localized states, and such broad-
ening would cause an uncertainty in determining the band
gap using the Tauc method [45,46]. Moreover, using the
Tauc method, the obtained band-gap value relies critically
on values taken for straight-line extrapolation. To allevi-
ate such uncertainties, band-gap determination for these
alloy semiconductors based on the derivative method is
preferred [45]. The E, values of WZ-ZnO and RS-NiO
derived from d’e, /dE? are 3.25 and 3.83 eV, respectively,
which are in agreement with values reported in the lit-
erature. Thus, the E, values derived from the d’e/dE?
method are used in this work, unless otherwise specified.
The deviation of £, of a semiconductor alloy, 4,B_y,
from the Vegard law is usually described by using a bow-
ing parameter, b, Eq(x) = xE 4 + (1 —x)Ep — bx(1 — x),
with E4 and Ep as the band gap of two-end materials
A and B, respectively. Fitting the band-gap data of RS-
Zn;_,Ni,O alloys obtained by the Tauc and derivative
methods using the bowing equation results in bowing
parameters b=0.6 and 1.0 eV, respectively. The fitted
curves are also shown as the black and red dashed lines in
Fig. 4(b). RS-ZnO is an indirect gap semiconductor with
an E, value of about 2.45 eV (L-I" and X-I"), while the
strong direct optical transition occurs at about 4.5 eV [47].
Using the bowing parameter from the derivative method,
the E, value of RS-ZnO can be estimated to be 5.0 eV.

It is worth noting that the 4.5 eV direct transition for RS-
ZnO reported in Ref. [47] is obtained under high pressure
and using o extrapolation, and hence, may suffer from
the uncertainties discussed above. Furthermore, we note
that the indirect band gap for RS-ZnO cannot be reliably
determined, since the absorption coefficient for an indirect
transition (<103 cm™! [48,49], e.g., « of intrinsic silicon
at the indirect band-gap energy is <10 cm™') is orders of
magnitude lower than that of the direct one [18,37,50,51].
Although no experimental results on the band gap of
WZ-NiO have been reported, by extrapolating the limited
number of band-gap data points of WZ-Zn;_,Ni, O, we can
also estimate that the band gap for WZ-NiO is about 4 eV.

C. Electrical transport mechanism

The electrical properties of semiconducting ZnO-NiO
alloy thin films are investigated by variable-temperature
Hall-effect measurements in the temperature range of
300450 K. We find that stoichiometric alloy films
are semi-insulating and only exhibit low conductivity
(<1072 S/cm) at high temperature (7> 400 K). On the
other hand, O-rich and/or Cu-doped RS-Zn;_,Ni, O alloys
exhibit measurable conductivity at temperatures close to
room temperature (i.e., 300 <7 <350 K). Interestingly,
all conducting RS-Zn;_,Ni, O alloy thin films show p-
type conductivity in the measurement temperature range.
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(a) (b) FIG. 4. (a) dzé‘]/dEz of Zng24Nig 760 alloy
' ' ' ' ' 5ol ' ' e 2 —;Eg 7] as function of photon energy; the black arrow
’ o o dE’SE | | indicates the direct band-gap energy. (b) E,
a6 o b=10.6 oV g of Zn;_,Ni,O alloy thin films with different
: - —-b=10eV x; the black squares and red circles indicate
o . ° the values derived from «? and d’s,/dE?,
L‘é" Sl T ‘e 1 respectively.
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Similar to NiO or NiO-based alloy semiconductors (e.g.,
O-rich Ni,Cd;_,O) [40,52], the hole mobility (u;) for
these p-type RS-Zn;_,Ni, O alloy thin films is very low
(<0.1 cm?/Vs) at close to room temperature (<350 K).
Consequently, although the resistivity, p, can be measured
for these O-rich alloys at room temperature, the conduc-
tivity type determined from the Hall-effect measurement
using a typical magnetic field of 0.5 T is not reliable.
Hence, room-temperature Seebeck measurements are also
performed on these samples to confirm their conductiv-
ity type. The measured Seebeck coefficients (S) for all
O-rich RS-Zn;_,Ni,O alloys are positive, and thus, con-
firm the p-type conductivity of these alloys. Moreover,
S also shows a monotonous decrease with increasing Ni
content x. For example, the values of S for the O-rich
RS alloys with x=0.27, 0.51, and 0.82 are 130, 109,
and 55 uV/K, respectively. It should be noted that the
value of S of a semiconductor is related to its carrier den-
sity, and its magnitude decreases with increasing carrier
concentration [52,53]. Hence, our results suggest that the
hole concentration in these alloys increases with the Ni
content x.

As mentioned above, u; is too small to be reliably
measured from the room-temperature Hall-effect measure-
ments for these RS-Zn; Ni,O alloy thin films. How-
ever, we observe that, similar to our earlier report on
O-rich CdNiO alloys [40], u; increases with measure-
ment temperature and, at >380 K, Hall measurements
on the carrier concentration and mobility become reliable
due to a higher mobility of u, > 1. The hole concen-
tration (N) and w; for RS-Zn;_,Ni, O alloy thin films,
with different x at relatively high temperature, ranging
from 380 to 450 K, are shown in Figs. 5(a) and 5(b),
respectively. As seen in Fig. 5(a), the hole concentra-
tion, N, does not significantly change with temperature.
Hence, we can reasonably assume that hole concentra-
tion N (room temperature) =N (380 K) and estimate the
room-temperature p; from the room-temperature resistiv-
ity, p. For example, the estimated room-temperature (i

values for O-rich RS-Zng 19Nigg,O and Zng 49Nip5;O are
about 0.35 and 0.49 cm?/Vs, respectively. Nevertheless,
these room-temperature w; values are very likely overes-
timated, especially for alloys with high x, the N of which
exhibits a slight reduction in the high-temperature regime,
as seen in Fig. 5(a). Similar to O-rich NiO [40,54], this
can be attributed to the thermal instability of O-induced
Vni or O; in these alloy thin films. We also note that,
for the O-rich RS alloys, N increases with increasing Ni
content x, in good agreement with the Seebeck coefficient
measurements. In comparison with the undoped samples,
O-rich Cu-doped (approximately 2%) alloy with simi-
lar composition (x ~ 0.5) shows about three times higher
hole concentration and lower resistivity. For stoichiomet-
ric alloys, in contrast to the undoped alloy with x ~0.76,
Cu-doped RS-Zng,4Nig 740 exhibits p-type conductivity
at slightly higher above room temperature (320 K) and
does not show a significant reduction in hole concentra-
tion as the temperature increases, which implies that the
p-type conductivity arises from Cu acceptors and they
are thermally more stable than native acceptor defects.
Although this stoichiometric Cu-doped Zng 56Nig740 sam-
ple is too resistive to measure at room temperature [see
Figs. 5(c) or 5(d)], we estimate its room-temperature resis-
tivity by extrapolating the linear fit of In(p/7T), as given in
Fig. 5(d), to be about 3700 2 cm, with a calculated room-
temperature hole mobility of about 0.08 cm?/Vs, which is
close to the py (i.e., 0.07 cm?/Vs) of O-rich NiO from
previous reports [40,55]. The Kroger-Vink notation [56]
can be used to describe the hole-generation mechanism
in these p-type RS-ZnNiO alloy thin films due to native
defects and Cu dopants. For the p-type O-rich ZnNiO thin
films, analogous to O-rich NiO, the primary native accep-
tor defect (i.e., V'n; and/or O;) formation reactions can be
written as

1
E(OZ)g = 0, + v, (1)

024049-6



p-TYPE WIDE-GAP Zn;.,Ni,O ALLOY...

PHYS. REV. APPLIED 13, 024049 (2020)

FIG. 5. Temperature-dependent electrical
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and
1
E(OZ)g = 0. (2)

While Vy; and O; can generate singly or doubly ion-
ized vacancies with free holes, according to the following
reactions:

= Vg + 0, 3)
V=V + 0, 4)
0, =0, + &, (5)
0, = 0! +@. (6)

For Cu-doped samples, Cu (with a valence state of Cu™)
substitutes Zn or Ni, forming Cuz, and/or Cuy; that can
also give rise to free holes, according to following reac-
tions:

CuZn = Cu/Zn + @9 (7)

Cuy; = Cu'yi + . (8)

The temperature-dependent j;, values for various RS alloy
samples in the temperature range of 380450 K shown in

22 24 26 28 30 32 34
1000/T (K™)

Fig. 5(b) reveal that w; generally increases with tempera-
ture. This also suggests that the conduction process in these
p-type RS-Zn;_,Ni,O alloy thin films is possibly due to
the thermal excitation of mobility, i.e., small polaron hop-
ping (SPH), as observed in NiO and O-rich Ni,Cd;_,O
alloys [40,52,57]. Figure 5(c) gives the corresponding
resistivity in the temperature range of 300450 K. As
expected, the resistivity decreases with temperature, which
is a typical characteristic of a semiconductor. Based on the
SPH model, the temperature-dependent resistivity can be
expressed as p/T = po exp(E,/kT), where k is the Boltz-
mann constant and E,, is the activation energy [58]. Figure
5(d) shows the In(p/T) versus 1/T plots and their cor-
responding fits for the RS-ZnO;_,Ni,O alloy thin films
with relatively low p. As obtained, data fit well with
the SPH model in the temperature range 300450 K. E,
extracted from the slopes of the fits varies from 0.19 (O-
rich Zl’l().lgNi()‘g20) to 0.32 eV (Cu-doped Zn0‘26Ni0.74O);
the E, value of O-rich Zng3Nipg,O is close to that of
room-temperature-sputtered O-rich NiO (i.e., 0.17 eV)
[40]. We note that the O-rich Zng 1gNigg,O sample with
much poorer crystallinity has a smaller £,. The reduced E,
would likely result from structural disorder, which intro-
duces a broad distribution of native acceptor states (e.g.,
I'ni) above the VB [59]. Obviously, E, is also related to
the Ni content x, since the concentration of Vy; would
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FIG. 6. Transmission spectra of typical RS-Zn;_,Ni,O alloy
thin films (100 nm on glass substrate) with p-type conductivity.
Transmission spectra of O-rich NiO and AZO thin films are also
included for comparison. Dashed line represents the transmission
of O-rich Zng 73Nig 70 film with thickness of 40 nm.

be proportional to Ni sites available in the thin film. In
addition to the native acceptor defects, the p-type con-
ductivity of RS-Zn;_,Ni, O alloys can be further improved
by optimizing the Cu dopant concentration. For extrin-
sic doping, Li would also be an ideal p-type dopant for
NiO-based alloys [60], which will be investigated in our
future work. To further reveal the transparency of these
p-type ZnNiO alloy thin films, Fig. 6 compares the trans-
mission of p-type ZnNiO films with p-type O-rich NiO
and a conventional n-type transparent conducting oxide
[Al-doped ZnO(AZO)]. All transmission spectra shown
in Fig. 6 are for thin films of 100 nm on glass sub-
strates. As observed, the O-rich RS-Zn;_,Ni, O alloy with
relatively low x (e.g., x=0.27) and the Cu-doped RS-
Zn;_,Ni,O alloy (e.g., x=0.74) exhibit relatively high
transmission (approximately 70%), slightly lower than that
of n-type AZO thin film. The O-rich RS-Zn;_,Ni, O alloy
with high x (e.g., x = 0.82) shows relatively low transmis-
sion (approximately 50%). As mentioned earlier, the low
transmittance of O-rich RS-Zn;_,Ni, O alloy with high Ni
content x can be attributed to absorption due to a high
concentration of native defects (e.g., Vni). Notably, for
applications as hole-transport layers or p-type emitters in
devices, only 1040 nm film thickness is required (for
comparison, the transmission of O-rich Zn 73Nig,70 with
a thickness of 40 nm is also given in Fig. 6, as shown by
the dashed line). Hence, the transmittance of these p-type
layers can be >80%, which makes p-type RS-Zn;_,Ni,O
suitable for transparent electronic devices.

D. Electronic band structure

The electronic band structure of these Zn;_,Ni,O alloy
thin films are further studied by means of XPS and UV-
APS. High-resolution core-level XPS spectra of Zn 2p, O

s, and Ni 2p are recorded for the alloy thin films with
different x and/or Cu doping. We find that the O stoichiom-
etry or Cu doping do not have a noticeable effect on the
core-level XPS spectra. Thus, only XPS spectra for stoi-
chiometric thin films with representative Ni content x are
shown in Fig. 6 (except x=0.27, which is O rich). All
spectra are recorded after brief Ar" sputtering to remove
surface contamination. The binding energies (£j) are ref-
erenced to the C 1s peak (collected without Ar™ sputtering)
at 284.8 eV. The measured Zn 2p3,, peak position for
WZ-7ZnO in this work is comparable to values reported
by others [61]. Figure 7(a) shows that £, for the Zn 2p3;
core-level peak is not sensitive to the Ni content and no
significant shift is observed. O 1s spectra for Zn;_,Ni,O
alloys for different x shown in Fig. 7(b) can be resolved
into two different components, i.e., a main peak at lower £}
and a weaker side peak at high £;,. The main O 1s peak for
the two end materials (i.e., WZ-ZnO and RS-NiO) are con-
sistent with reported values for Zn — O and Ni — O bonds
[61,62], while the side peak at higher £, can be ascribed
to O in a different bonding environment (e.g., O intersti-
tials; Ni vacancies; or surface-adsorbed OH, COOH, and
Ni, O3 groups) [63]. Notably, the £, value of the main O
ls peak for WZ-ZnO is slightly lower than that of the RS-
NiO phase by about 0.2 eV. The Ej has a small increase
with x in the WZ phase. However, a strong shift to lower
binding energy is observed at the WZ to RS phase transi-
tion, so that the O 1s peak for RS-Zn 73Nig 70 is shifted
to a lower energy by about 0.5 eV. As x increases, this
peak gradually shifts back to the £}, value for RS-NiO. The
concentration of defect-related O in the film would affect
the hole N, such that O; or Vy; are believed to be effective
acceptor defects in NiO and its alloys. Since the Ej, value
of this peak is much higher than that of the main peak, it is
consistent with Vy; acceptors with Ni*t+ valency in NizO,.
Nevertheless, a quantitative correlation between this high
E}, peak with hole N cannot be established.

Figure 7(c) shows the Ni 2p3/, spectra of Zn;_,Ni,O
alloy thin films with different x. The various features of
the Ni 2ps3/, spectra are similar for all RS-Zn;_,Ni,O
alloy thin films, and they are labeled in Fig, 7(c) as 4
(2p33d°Z), B (2p>3d°L), and C (2p>3d®), corresponding
to the Zhang—Rice doublet bound states near the Fermi
level and a hole in the O 2p ligand states [64—66]. The
intensity ratio of peaks B to A increases with increasing
x, which indicates that the Ni 3d states are modified by
the addition of Zn in the alloy. Such modification of Ni 3d
states with alloy composition are also found in other NiO-
based alloy systems (e.g., Ni,Cd;.,O, Mg Ni;.,O) [40,65].
Peak D, with E, ~851.8 eV, in the Ni 2p3,, spectra can
be attributed to the formation of metallic Ni clusters due to
the Ar" sputtering process [66]. For the Cu-doped samples,
the Cu 2p XPS results are also recorded [see Fig. 7(d)].
The Cu 2p XPS spectrum from the Cu-doped Zng 56Nig 740
alloy thin film [Fig. 7(d)] shows a single 2p3,, peak at
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Ej,~931.9 eV, which can be attributed to Cu™. The possi-
ble presence of Cu?* with E; ~ 934 eV [67] is not observed
in the spectrum, and hence, can be excluded. This indicates
that the holes in these Cu-doped RS-Zn;_,Ni,O samples
have a contribution from Cu™, similar to that of Cu-doped
NiO [68].

The variation of the VBM of Zn;_,Ni,O alloy thin
films with alloy composition is studied by UV-APS and
XPS valence band measurements. UV-APS measures the
number of photoelectrons that are emitted from the sam-
ple illuminated by the tunable monochromatic UV light
(3.4-7 eV). Photoelectrons can only be emitted from the
sample if the photon energy is greater than that of Er of
a metal or VBM of a semiconductor. No photoelectrons
are observed for the WZ-Zn;_,Ni, O films. This suggests
that the VBM, with respect to the vacuum-level Ey,. of
all WZ-Zn;_,Ni,O alloys with x up to 0.24, is >7 eV.
For the UV-APS measurement, the intensity of photoemis-
sion is normalized and processed by the cube root power
law [69]. Figure 8(a) illustrates photocurrent data for the
Zn47Nip 530 alloy film on a glass substrate; the VBM
value (i.e., 548 eV below the vacuum level) is deter-
mined by extrapolating the linear part of the curve down
to the baseline signal level. For comparison, the VBMs

Binding energy (eV)

are also extracted from their XPS valence band spectra,
i.e., by a linear extrapolation of the leading edge of the
VB to zero baseline intensity. It is demonstrated that the
Fermi level of semiconductors at the surface is pinned to
a universal energy level, known as the Fermi-level sta-
bilization energy, Ers, located about 4.9 eV below the
vacuum level, which is the Fermi level at which the for-
mation energies of native donors and acceptors are equal
[70]. Since XPS and APS are surface-sensitive techniques,
the VBM measured can be referenced to Ers. Absolute
values of the VB maximum with respect to the Ey,. of
several oxide materials are determined using Egg as the
reference level [71,72]. Figure 8(b) compares values of the
VBM for Zn;_,Ni,O alloy thin films from UV-APS mea-
surements (only for the RS phase) with those measured by
XPS. The XPS results show that the VBM energy increases
from —7 eV (for ZnO) to around —6.4 eV (x = 0.24) with
increasing Ni content x for the WZ structure alloys. A
drastic jump in the VBM energy is observed for the alloy
with x = 0.27, when the alloy crystallizes in the RS struc-
ture. For the RS-Zn,_,Ni, O alloys with x> 0.27, VBM
energies obtained from the two approaches are compara-
ble and increases slightly from about —5.5 to —5.0 eV
(for NiO). The solid lines indicating the VBM (blue) and

024049-9



CHAO PING LIU et al.

PHYS. REV. APPLIED 13, 024049 (2020)

FIG. 8. (a) UV-APS data for the

U Zng47Nigs530 alloy film on a glass sub-
7 strate, with VBM determined by extrapolating
the linear part of the curve down to the baseline
signal level. (b) VBM values extracted from
two different measurements, i.e., UV-APS
(black squares, only for RS phase) and XPS
(red circles), for Zn;_,Ni,O alloy thin films
with varying Ni content x. The blue dotted line
indicates the Fermi-level stabilization energy

(Ers). CBM energies calculated using the VB
values and band-gap values from Fig. 4(b) are
also shown (black stars).
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Figure 8(b) also shows the CBM obtained from the
VBM values and the band gap obtained with the derivative
method [Fig. 4(a)] for the Zn;_,Ni, O alloys. Although the
XPS results show that the VBM energy of the WZ alloys
lies within the range of —6.5 to —7 eV, since the UV-APS
measurements do not yield any photoelectron, we believe
that XPS data are overestimating their VBM position. This
may be because some of the photoelectrons collected are
coming from regions deeper than the surface pinning layer
in the XPS measurements. The UV-APS measurements, on
the other hand, are much more surface sensitive. At the
WZ to RS transition composition, we observe that the band
structure of the two phases has a type II band alignment
with the VBM of the RS phase >1 eV above that of the WZ
phase. This is in excellent agreement with the band offset
of WZ and RS ZnO calculated by hybrid density functional
theory [13].

It is established that, when the CBM (VBM) of a semi-
conductor is close to Erg, the Fermi energy level at which
the formation energy of donor and acceptor defects are
equal and is about —4.9 eV from Ey,., and thus, it is ener-
getically favorable to form donor (acceptor) defects in the
semiconductor. Hence, the drastic increase of the VBM by
>1 eV as the alloys transform from the WZ to RS structure
draws the VBM closer to Erg and favors the formation of
acceptor native (Vy; and/or O;) defects in the RS alloys.
This is consistent with our observation that the RS alloys
can exhibit p-type conductivity, especially when grown
in an O-rich environment, where the formation of these
native acceptor defects is more favorable. Moreover, due
to the much higher location of the VBM for the RS alloys,
ionization energies for extrinsic acceptors are expected to
become much smaller, and hence, doping efficiency will be
improved. This suggests that extrinsic doping with accep-
tors, such as Li, Cu, or Ag, can be further optimized to
achieve high-conductivity p-type RS-ZnNiO alloys.

IV. CONCLUSIONS

Crystalline ZnO-NiO alloy thin films over the entire
composition range are synthesized by radiofrequency mag-
netron sputtering on glass substrate at a substrate tem-
perature of about 270 °C. We find that Zn;_,Ni,O alloys
are in the WZ structure for x < 0.27, while they become
the RS structure as the Ni content increases to x > 0.27.
The E, of WZ-Zn;_,Ni,O alloy thin films shows a slight
increase with x, while the £, of RS-Zn;_Ni,O alloys is
about 4.6 eV at the WZ to RS transition composition and
decrease with x to the value of RS-NiO (approximately
3.8 eV). Spectroscopic ellipsometry measurements show
that the dielectric function of the RS alloys is signifi-
cantly different from that of the WZ alloys. At 2 eV, the
refractive index n is about 2 for the WZ alloys and about
2.2-2.4 for the RS alloys. Electrically, we find that nomi-
nally undoped stoichiometric Zn;_,Ni,O alloys are semi-
insulating at room temperature. However, p-type conduc-
tivity is observed in O-rich undoped and Cu-doped RS-
Zn;_,Ni,O alloy thin films. Variable-temperature Hall-
effect measurements reveal that the hole mobility of O-rich
RS-Zn;_,Ni, O alloy thin film increases with temperature,
which is consistent with hole transport via a SPH process
with an activation of 0.19 (x =0.82) to 0.32 eV (x =0.74).
Drastic differences in the electronic structure of the WZ
and RS Zn;_,Ni, O alloys are also observed with a type II
band offset of the alloys at the WZ to RS transition com-
position. The VBM of the RS phase is >1 eV above that
of the WZ phase, making them energetically favorable for
the formation of native acceptor defects. The much higher
VBM position of RS alloys also favors their extrinsic
p-type doping efficiency.
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