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It is known that (ZnO)1−x (GaN)x alloys demonstrate remarkable energy band bowing, making the material
absorb in the visible range, in spite of the binary components being classical wide band gap semiconductors.
However, the origin of this bowing is not settled; two major mechanisms are under debate: Influence of the orbital
repulsion and/or formation of a defect band. In the present work, we applied a combination of the absorption
and emission measurements on the samples exhibiting an outstanding nanoscale level of (ZnO)1−x (GaN)x

homogeneity as monitored by the high resolution electron microscopy equipped with the energy dispersive x-ray
analysis and the electron energy loss spectroscopy; moreover the experimental data were set in the context of the
computational analysis of the alloys employing density functional theory and quasiparticle GW approximation.
A prominent discrepancy in the band gap values as deduced from the absorption and emission experiments was
observed systematically for the alloys with different compositions and interpreted as evidence for the absorption
gap shrinking due to the defect band formation. Computational data support the argument, revealing only minor
variations in the bulk of the conduction and valence band structures of the alloys, except for a characteristic
“tail” in the vicinity of the valence band maximum. As such, we conclude that the energy gap bowing in
(ZnO)1−x (GaN)x alloys is due to the defect band formation, presumably at the top of the valence band maximum.
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I. INTRODUCTION

Due to the band bowing effect, the optical absorption of
the (ZnO)1−x(GaN)x (ZOGN) alloy system can be tuned from
the UV range well into the visible part of the spectrum [1,2].
This intriguing optical property makes the system interesting
for photovoltaic and solar water-splitting applications. The
band bowing effect occurs when the apparent band gap of the
alloy is reduced as a function of composition, in a nonlinear
fashion, with respect to the two unmodified materials. Vari-
ous synthesis routes have been used to fabricate the ZOGN
alloy, targeting the absorption tunability to meet the specific
needs of different applications; for example nanowires were
deposited using a sol-gel method [3] and high-temperature
vapor-phase diffusion reactions [4], whereas pulsed-laser de-
position [5] and magnetron sputtering [6] resulted in highly
crystalline thin films. Solid solution synthesis was utilized
to fabricate bulk samples for water-splitting applications
[1,7–9]. In previous work, density functional theory (DFT)
has been employed to investigate the origin of the band
bowing effect observed for the ZOGN alloys; specifically
repulsion between the N 2p and Zn 3d orbitals [10–13] and
type II band alignment [14,15] were suggested as possible ex-
planations; in its turn Hirai et al. suggested that the absorption
of visible light occurs via Zn-related acceptor levels [16].

While several theoretical explanations for the origin of
the observed band bowing effect in the ZOGN have been
discussed in the literature [10–15], experimental investiga-
tions of the mechanisms governing the band bowing effect
are rather limited. Yang et al. combined transmission and

reflection measurements with DFT calculations, finding that
the absorption spectra do not match with the direct band gap
Tauc plots and explained this observation with localization
of the valence band maximum (VBM) on N atoms bonded
with Zn [5]. Hirai et al. used photoluminescence (PL) in the
wavelength range of 400–800 nm (3.1–1.55 eV) to argue that
Zn-acceptor levels in GaN are responsible for the absorption
in the visible range [16]. However, the majority of the ex-
perimentally obtained band gap energies were extracted from
transmission and/or reflectance measurements, while other
type of band gap measurements employing complementary
techniques have rarely been applied to ZOGN.

In the present work we investigate the band bowing effect
in highly crystalline thin films of ZOGN deposited by mag-
netron sputtering. Band gaps were extracted using both photon
absorption and electron energy loss spectra and compared to
emission measurements. Furthermore, we use DFT together
with the beyond-DFT hybrid functional HSE06 and quasipar-
ticle GW approximation to investigate the absorption, density
of states (DOS), and band structure of the alloy in order to gain
better understanding of the physical mechanisms responsible
for the observed band bowing effect.

II. EXPERIMENTAL DETAILS

ZOGN thin films with different GaN content x were syn-
thesized using RF magnetron sputtering on c-plane Al2O3

substrates. During sputtering, the voltage was simultaneously
applied to two separate targets: ZnO (99.99% purity) and
GaN (99.99% purity). Both Ar and N2 were mixed in the
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chamber to tune the stoichiometry of the films. To obtain
x = 0.02, 30 and 7 W were applied to the ZnO and GaN
targets, respectively, while the Ar and N2 flows were set to
12.5 and 0.7 sccm, respectively. For x = 0.15, the parameters
were adjusted to 30 W (ZnO), 20 W (GaN), 12.5 sccm
(Ar), and 5 sccm (N2)—for the summary of the synthesis
details, see Table I in the Supplemental Material [17]. A
substrate temperature at 400 ◦C and rotation at 11 rpm was
used for all depositions. The growth duration was adjusted to
obtain film thickness of ∼1.5 μm. Post-deposition isochronal
anneals at 600, 700, and 800 ◦C in nitrogen atmosphere
were employed to improve structural and optical properties.
More detailed descriptions of the sample preparation, anneal-
ing, and structural characterization can be found elsewhere
[6,18].

The optical transmission measurements were carried out
using the Shimadzu SolidSpec-3700 DUV spectrophotometer.
The instrument utilizes a grating monochromator, as well as a
range of detectors. The wavelength range of this instrument
is 175–2600 nm, with a resolution of 0.1 nm. The measured
transmittance curves were corrected for the spectral response
of the instrument. The PL measurements were performed at
10 K keeping the samples inside a continuously pumped Janis
Research helium refrigerator. The following continuous-wave
excitation sources were used for the measurements: He-Cd
laser (325 nm, nominal optical power approximately 5 mW,
IK Series from Kimmon), Ar laser (488 nm, nominal optical
power approximately 5 mW, from Melles Griot), and solid-
state laser (405 nm, nominal optical power approximately 5
or 100 mW, from Oxxius). The PL emission was collected
by a microscope, and afterwards either directed into the
imaging spectrometer (Horiba Jobin Yvon, iHR320) coupled
to a CCD camera (Luca DL-658M EMCCD from Andor), or
into an optical fiber connected to a spectrometer (USB4000
from Ocean Optics) acting as two different detectors. The
wavelength resolution in both cases was approximately
2–3 nm. Low-pass filters were used for the laser sources with
excitation wavelengths of 488 and 405 nm in order to prevent
scattered laser light from entering into the detection path. A
correction scheme was used to transfer the measured data to
PL intensity vs photon energy, instead of the PL intensity
vs wavelength [19]. In addition, the PL spectra were also
corrected for an exponential background originating from the
scattered laser light entering the detection path even though
low-pass filters were employed. PL data were collected as
a function of excitation power using a neutral density filter
wheel.

Samples were prepared for transmission electron mi-
croscopy (TEM) investigations as cross-section wedges by
standard cutting, grinding, and polishing methods. Final sam-
ple thinning by Ar ion milling was done using the Gatan
PIPS II. Prior to the TEM experiments, the samples were
plasma cleaned using the Fishione Model 1020. TEM inves-
tigation, scanning TEM (STEM) imaging, energy dispersive
x-ray (EDX) analysis, and electron energy loss spectroscopy
(EELS) were performed using a FEI Titan G2 60-300 kV
TEM, equipped with a monochromator, a CEOS DCOR
probe-corrector, and Super-X EDX detectors. All STEM
imaging and EDX investigations were performed at an accel-
eration voltage of 300 kV with a probe convergence angle of

21 mrad and a resulting spatial resolution of approximately
0.08 nm. For band gap measurements in EELS an acceleration
voltage of 60 kV was used to reduce relativistic effects that
might otherwise mask the band gap signal [20]. The spectra
were acquired using a Gatan GIF 965 spectrometer, with a
collection angle of approximately 20 mrad. A full with half
maximum of the EELS zero-loss peak (ZLP) of 0.13 eV was
achieved, and the data for different samples were calibrated
by aligning all ZLPs. Applying principal component analysis
(PCA) [21] with 25 components, the noise in the EELS
signal was reduced and the background was subtracted using
a decaying power-law model [22].

III. COMPUTATIONAL METHODS

The computations of the ZOGN alloys were based on the
DFT using the hybrid functional HSE06 and quasiparticle GW
approximation, i.e., the method employing the Green function
and the screened Coulomb potential, using the VASP soft-
ware package [23,24]. The hybrid functional HSE06 [25,26]
uses 25% Fock short-ranged exact exchange in conjunction
with the exchange and full correlation energy from the local
DFT potential. The GW method relies on many-body self-
consistent calculations where the independent single particle
equation contains a self-energy term. In our calculations, the
partial self-consistent method scGW 0 [27] was used, in which
the screened dielectric function was kept constant while the
Green functions were updated. A cut-off energy of 400 eV was
used in the first two steps for the DFT and HSE06 parts, and a
cutoff of 100 eV to describe the response function in the GW
part. A 72-atom unit cell structure was modeled for the alloys.
This somewhat small cell is justified by the fact that we study
alloys (and not defects), and that we employ computationally
expensive techniques which have the advantages to reproduce
interesting optical features as well as to generate band gap
energies much closer to the experimental results. From this
cell, seven ZnO pairs where randomly exchanged by GaN
pairs, giving a concentration of x = 14/72 = 0.194 ≈ 0.2,
as seen on the right-hand side in Fig. 1. Tests have been
conducted with more than 30 different configurations. Within
all the relaxed structures, the most thermodynamically stable

FIG. 1. Crystal structures for (left) binary ZnO and (right) for the
most thermodynamic stable ZOGN alloy of the considered configu-
rations with x = 7/36 ≈ 0.2.
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structures presented wider band gaps and more Ga-N bonds,
with the final structures having an average close to 1.6 Ga-N
bonds per GaN pair. A test with genetic algorithms [28] to
find the best structure for the specific concentration, resulted
in a configuration with total energy and band gap in the same
range as the one presented. With this, only the most stable
structure was selected for further simulation with the scGW 0
and the optical routines. Using a cut-off energy of 700 eV,
the relaxation was done alternating between the volume
and atom position relaxations, until the interaction remains
<5 meV/Å. A �-centered k mesh of 2 × 2 × 2 was used in
all calculations. The data for energy dispersion (Fig. 7) were
obtained with the PBE functional [29], though gap energy has
been corrected to the results from the GW calculations. The
optical properties were computed according to the linear re-
sponse theory; the complex dielectric function were obtained
from the optical matrix elements and the GW energies for
direct transitions from valence to conduction bands [30]. The
optical spectra were calculated with a 25 mV broadening. Our
GW calculations overestimate the band gap of pure ZnO with
Eg(GW ) = 3.66 eV which is ∼0.3 eV higher experimental
data; as such the calculated band gap energies were shifted
to fit the experimental band gap of ZnO for better comparison
(e.g., Figs. 3 and 8).

IV. RESULTS

A. Experimental results

The deposited ZOGN films consist of a highly crys-
talline single domain with no secondary or amorphous phases
present, as seen in Figs. S1(c) and S1(d) in the Supplemental
Material [17]. In addition, the films form an atomically sharp
interface with the Al2O3 substrate, as seen in Fig. S1(a).
Furthermore, EDX analyses indicated a homogeneous random
alloy without elemental clustering at the meso- and nanoscale,
as can be seen in Fig. S2 in the Supplemental Material [17].

Figure 2 shows the measured photon absorption and elec-
tron energy loss data for ZOGN films with x = 0, 0.02, and
0.15. Notably, the optical data in Fig. 2 are presented as Tauc
plots assuming direct allowed transitions, while the EELS data
are scaled linearly. A distinct shift towards lower energies is
observed in Fig. 2 with a reference to x = 0, i.e., pure ZnO.
Considering the optical data; x = 0.02 and 0.15 results in
onset shifts of ∼0.3 and ∼0.8 eV, respectively, comparing
to that of ZnO. These shifts can readily be attributed to a
reduction of the band gap of the alloy relative to the binary
compositions. The evolution of the EELS data resembles
that of the optical absorption, especially for x = 0 and 0.15,
thereby confirming the trend for the band gap reduction in
the alloys. The tail of the optical absorption onset is normally
related to disorder, localized states, or compensation [31,32].
In Fig. 2 the tails are more prominent for the optical absorp-
tion compared to the electron energy loss; altogether it may
indicate a significant amount of localized states inside the
band gap, compensation, or disorder. This prominently holds
specifically for x = 0.02, where the optical absorption tail is
significantly larger, indicating a high concentration of defects.
Most importantly, the band gaps were estimated from the data
in Fig. 2 (and similar data for x = 0.07, 0.19, 0.20 not shown)
and used in further analysis.

FIG. 2. Optical absorption and electron energy loss spectra for
x = 0, 0.02, and 0.15—see corresponding symbols in the legend.
The optical data are presented in the form of Tauc plots assuming
direct allowed transitions, while the EELS data are linearly scaled.
Dotted (optical absorption) and dashed (EELS) lines represents a
extrapolation of the linear region intersecting the x axis. The point
of intersection marks Eg.

The band gaps of the alloys as a function of composition
are plotted in Fig. 3 together with the values calculated in
the present study. In addition, the literature data are also
included in Fig. 3 [2,8,9,33,34]. As shown in Fig. 3, a strong
band gap reduction is observed at the initial stages of the
alloying, terminated by a “plateau” at 2.6–2.4 eV. Notably,
the calculated data predict a somewhat lower plateau of
(2.4–2.2 eV). The general trends unveiled in our measurement
are in accordance with the literature data displayed in Fig. 3,
even though the lower x range has not been investigated

FIG. 3. The band gap magnitude as a function of x, as deter-
mined by the transmission measurements (filled triangles), STEM
EELS (filled diamonds), and theory using GW approximation (filled
circles). The results are compared to the literature data (partly filled
symbols) [2,8,9,33,34].
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FIG. 4. STEM EELS data for x = 0.15; (a) the band gap map,
(b) EELS signal onset at specific pixels as indicated by arrows in (a),
and (c) a dark-field image of the band gap map area. The vertical
black lines [in (a) and (c)] are to emphasize the presence of the grain
boundaries.

that much previously. The strong band gap reduction with
increasing alloy composition is observed for both the GaN-
and ZnO-rich sides of Fig. 3, revealing a relatively flat region
in between. To divide the band bowing effect into these three
regions of different band gap reduction, i.e., low (high)-x
regions with large Eg reduction and a more Eg-stable region
in between, has also been proposed as a model explaining the
band bowing effect for (ZnO)1−x(S)x and (ZnO)1−x(Se)x [35].
Opposing to the trends in Fig. 3, the (ZnO)1−x(S)x alloys have
also been found to yield a gradual variation of the band gap
through a wider range of compositions [36–38].

The optical absorption and the EELS data in Fig. 2 probe
regions of ∼150 μm in diameter and 200 × 400 nm2, respec-
tively. The EELS data can also be presented in the form of
spatially resolved maps discriminating ∼5 nm pixels [39].
Figure 4 shows (a) an example of such map for x = 0.15, (b)
onset for a number of pixels as indicated by arrows in the map,
and (c) corresponding dark-field image of the mapped area of
the sample. As seen already from the EELS map itself, i.e.,
Fig. 4(a), the distribution of the signal is quite homogeneous,
even over the columnar grain boundaries [marked by the
vertical lines for clarity in Figs. 4(a) and 4(c)]. Moreover,
plotting the signals from several pixels, see Fig. 4(b), demon-
strates a close to uniform energy loss onset among the pixels,
as indicated by the vertical arrows. The maximum variance

over the whole of the mapped area is ±0.25 eV. As such,
these results indicate that the apparent band gap is the result
of a homogeneous alloy, and not an average of a mixture
of phases. Any such clustering or phase separation would
have to be at length scales below ∼5–10 nm. To further
investigate potential cluster formation, STEM EDX analyses
were performed. Figure 5 shows a nanoscale EDX map of an
26 × 26 nm2 area and 0.4 nm pixel size for x = 0.15. Figure 5
reveals a random alloy, although a small inhomogeneity in
the compositional distribution was observed, specifically by
averaging the signals of four pixels (0.8 × 0.8 nm2), However,
according to the calculated standard deviations, only chemical
variations higher than 20% could be detectable with this
method, which does not seem to be the case. It might seem
somewhat surprising that Ga-N pairs will form a cluster,
considering that the defect pairs are isovalent to the ZnO
host, and the Ga-N bond length is very similar to that of
Zn-O. For example, the relaxation effect is very small when
incorporating GaN; see Fig. 1. Of course, the trust to find a
perfectly random alloy configuration with only isolated Ga-N
pairs is ambiguous, and somewhat smaller clusters may not be
excluded. Meanwhile, it has been demonstrated that formation
of neutral and valence-conserving larger complexes is also
driven by the octet rule for the atoms [40]. Indeed, theory
predicts that the volume allowed each atom neighboring to
a Ga-N pair does not perfectly match the octet rule; so that it
is slightly more favorable that two Ga-N pairs form a complex
to minimize the total deviation from the octet rule in the alloy.

Furthermore, PL data collected at an excitation wavelength
of 325 nm (3.82 eV) are presented in Fig. 6 for x = 0, 0.02,
and 0.15. All three samples reveal strong near-band emission
(NBE) at 3.3–3.4 eV, corresponding to free- and acceptor-
bound excitons, exhibiting the highest intensity at x = 0.02.
The lower PL response for the x = 0.15 sample can be due
to experimental conditions, as well as the sample containing
more nonradiative defects. The pure ZnO film differs from the
two alloy compositions in showing excitonic features related
to donor- and acceptor-bound excitons, potentially originating
from Ga and N acting as dopants in ZnO [41]. Such contam-
inations may arise from the deposition chamber, due to cross
contamination from previous depositions. However, quite sur-
prisingly no significant redshift in this NBE is observed in

FIG. 5. (a) High-magnification HAADF-STEM image of the x = 0.15 thin film and the corresponding EDX maps of (b) Zn and (c) Ga
atomic percent.
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FIG. 6. (a) PL spectra recorded at 10 K for samples with different
alloy compositions. (b) A deconvolution of the broad band emission
part of the spectrum for x = 0.02. (c) The deconvoluted contributions
for x = 0.02 (solid lines) and x = 0.15 (dotted lines).

Fig. 6(a) as a function of x; which might be expected based
on the data in Figs. 2–4, where the shifting onset in optical
absorption and EELS data are interpreted in terms of a reduc-
tion in the band gap. Interestingly, the NBE still resembles
that of pure ZnO films originating from excitonic transitions,
unveiling no further structure compared to pure ZnO. As it
holds to the deep level emission of pure ZnO, it shows a broad
band between 1.8 and 2.6 eV, where contributions from native
defects in ZnO including VO [42,43], Oi [44], and OZn [45],
in addition to contributions from nitrogen-related defects, e.g.,
NO [46] are expected. In its turn, the deep level emission of the
alloys is significantly altered and was found to be modeled by
three Gaussian-like contributions. The deconvoluted contribu-
tion for x = 0.02 are displayed in Fig. 6(b) revealing mean
energy positions of 1.56–1.59 eV (D1), 1.81–1.98 eV (D2),
and 2.23–2.46 eV (D3). The relative contributions of D1, D2,
and D3 depends on x, as seen in Fig. 6(c). For example, the
intensity of D1 is similar for both x = 0.02 and 0.15, whereas
D2 is significantly more intense for the x = 0.02 thin film.
To identify the origin of these dominant contributions, the
PL intensity was measured for different excitation powers;
indeed the PL intensity is known to follow the power law:
IPL ∼ Pk , where k > 1 for band-to-band or excitonic emission
and < 1 for emission related to defects [47]. Both D1 and
D2 result in k < 1 for the x = 0.02 and x = 0.15 thin film,
indicating that these emissions are indeed defect related. The
energy positions of D1–D3 were also measured as a function
of excitation wavelength, using excitation wavelengths of
325 nm (3.82 eV), 405 nm (3.06 eV), and 488 nm (2.54 eV)
lasers, respectively (see Fig. S3 in the Supplemental Material
[17]). Interestingly, the energy position of D1 was constant
when increasing the excitation wavelength, whereas D2 and
D3 shifted towards lower photon energies.

FIG. 7. Electronic band structures for (a) binary ZnO and (b) for
the most thermodynamic stable ZOGN alloy with x = 7/36 ≈ 0.2.
Notice that the density-of-states (DOS) is presented on a logarithmic
scale in order to better visualize the states near the conduction band
minimum. The energy zero scale is set at the VBM of binary ZnO.

Summarizing experimental data, the evolution of the
absorption onsets display a systematic and significant redshift,
reaching ∼0.8 eV at x = 0.15, see Figs. 2–4. This redshift was
also found to be quite uniform over the sample, within the
accuracy of the STEM EELS corresponding to 5 nm. On the
other hand, the PL near-band-edge emission resembles that
of pure ZnO, revealing no redshift as a function of the alloy
composition. Meanwhile, the shapes of the PL near-band-edge
and broad band emissions are quite different as a function
of x.

B. Theoretical calculations

As mentioned above, the band gap energies obtained from
our theoretical calculations are included in Fig. 3 (circles).
These data represent estimates for the most stable configu-
rations, however, not all possible configurations have been
simulated and other configurations could potentially be more
energetically favorable. Indeed, a strong band bowing ef-
fect, as seen from Fig. 3, is confirmed for x � 0.25; very
importantly, in spite of significant experimental and theoret-
ical uncertainties, the data are in a remarkable agreement.

The theoretical analysis of the electronic structure (see
Fig. 7 showing the data for pure ZnO and ZOGN alloy with
x = 7/36 ≈ 0.2) reveals a fairly similar band structures and
DOS. The band gap energy of the alloy is smaller, but the
conduction bands are very similar, resembling that of ZnO.
The main difference is the valence band structure, where the
valence band maximum (VBM) of x ≈ 0.2 [see Fig. 7(b)] lies
∼1 eV above that of pure ZnO [see Fig. 7(a)]. The topmost
bands become very flat in the alloy, especially in the (001)
direction; this trend holds both for �-A and H-K symmetry
lines. Therefore, the VBM for the x ≈ 0.2 sample is at the A-
point [0,0,1], whereas the conduction band minimum (CBM)
is a the � point just like for pristine ZnO.

The absorption coefficient α of the ZOGN alloy for x ≈ 0.2
was calculated directly from the complex dielectric function:
α(ω) = ω/c[2 | ε(ω) | −2ε1(ω)]1/2. Figure 8 shows the cal-
culated absorption spectra of several selected concentrations.
As seen from Fig. 8, there are no features indicating localized
defect states from the GaN pairs; instead it reveals a smooth
absorption as an average of α of the ZnO and GaN binary
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FIG. 8. Calculated absorption coefficients of ZOGN for x = 0,
0.2, and 1, obtained with the GW electronic structures. The inset
shows the absorption coefficient in the region close to the band gap.

fractions. For the lower energy part of the data there are two
main features: First, the remaining absorption peak around
5.5–6.5 eV present for both ZnO and GaN; second, the spec-
trum for x ≈ 0.2 is shifted by ∼1 eV towards lower energies
(see inset in Fig. 8). This combination of two features indi-
cates that ZOGN has a similar electronic structure as its binary
constituents, however the effective band gap is changed by
∼1 eV. From the electronic structure we know the energet-
ically lowest energy transition for the x ≈ 0.2 sample is the
indirect transition from the highest occupied state at the A
point to the lowest empty state at the � point. However, the

energy for the indirect transition is only 30 meV smaller than
the direct transition at the � point. While the optical transi-
tions considers only direct transitions, the very flat topmost
valence bands implies a stronger absorption near Eg. That is
also seen in the absorption coefficient.

To further analyze the opposing results obtained from
absorption and emission measurements (Figs. 2–4 versus
Fig. 6), the partial atom-resolved density-of-states (PDOS)
was calculated for x ≈ 0, 0.02, and 0.2, where VBM of x = 0
is used as reference. The orbital-projected PDOS is presented
in the Supplemental Material [17] (Fig. S4). Figure 9 shows
both the total DOS for ZnO compared to that of ZOGN, as
well as the PDOS of the Zn + O atoms and the Ga + N atoms
for the alloy, for x ≈ 0.02 in Fig. 9(a) and x ≈ 0.2 in Fig. 9(b).
In the upper panel of Fig. 9(a), the x ≈ 0.02 shows DOS above
the VBM of binary ZnO (dotted vertical line), which from the
lower panel can be seen to originate from Ga and N orbitals.
What is obvious from the PDOS is that Zn d-like states at
about −6 eV are aligned between ZnO and ZOGN. Also the
main character of the O p-like states are similar in ZnO and
ZOGN. However, for the alloy, there is a clear contribution
from rather localized Ga + N states in the energy region near
the VBM. This is a consequence of the energetically higher N
p states. The upper panel in Fig. 9(b) shows the total DOS for
ZnO compared to that of x ≈ 0.2, and the lower panel shows
the PDOS for the Zn + O orbitals and Ga + N orbitals for
the alloy. For this composition the DOS for the alloy is more
intense and broader in the energy region above the VBM of
ZnO (dotted vertical line). From the semicore states below
−10 eV in Fig. 9(b) we estimate roughly the valence band
offset (VBO) to be about 1 eV, which is expected since N
p states are typically 1 eV higher in energy than O p states
[48,49]. Again, there is a pronounced contribution from rather
localized Ga + N states in the energy region near the VBM,

FIG. 9. (a) Total DOS of the valence and semicore states for x = 0 (blue) and x ≈ 0.02 (red) in the upper panel, whereas the PDOS from
Zn and O atoms (light blue) and Ga and N atoms (orange) in the x ≈ 0.02 sample are shown in the lower panel. (b) Same as in (a) but for
x ≈ 0.2. (c) Total DOS for x = 0 (blue) and x ≈ 0.2 (red), scaled to lower energies, in order to emphasize that the effect on the electronic
structure due to GaN incorporation occurs mainly near the VBM. The dotted line indicates the VBM of pure ZnO.
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originating from the energetically higher N p states, also
observed for x ≈ 0.02. These localized states explain why
the topmost valence bands have the flat character (Fig. 7).
A similar result has also been observed for the ZnO1−xSx

system, where the VBM has been found to consist of mainly
Zn and S for x > 0, where S p states are energetically higher
than the O p states [36].

In Fig. 9(c) the total DOS for x = 0 and x ≈ 0.2 are
again shown, but for the energy region relevant for optical
absorption. With the VBO of about 1 eV, the main DOS peaks
in both the valence bands and the conduction bands coincide
for both compounds. The CBM is roughly at the same energy,
and thus the band gap reduction of about 1 eV in the ZOGN
alloy is caused by an upward shift in VBM. This gap reduction
is in good agreement with our experimental results in Fig. 3
and our calculated absorption in Fig. 8.

V. DISCUSSION

The data in Sec. IV showed that a strong band bowing
effect is observed in the ZOGN alloy, even at relatively
modest Ga-N pair concentrations. Several theories have been
proposed to explain the origin of the band bowing effect, while
the two prevailing explanations are (i) the alloy valence band
is pushed upward in energy due to orbital repulsion, and (ii)
a defect band is formed within the band gap of the binary
compound, effectively reducing the apparent optical band gap
of the alloy. Starting with (i), one would expect that a shift of
the VBM towards higher energies (upward) would cause the
near-band-edge emission (NBE) measured in PL to occur at
lower energies compared to that of binary ZnO, i.e., a gradual
change in the energetic position of the NBE from that of
pure ZnO towards lower energies. However, independently of
x, the NBE remain similar to that of binary ZnO (Fig. 6).
Furthermore, for other alloy materials with a strong band
bowing effect, and where an upward shift of the VBM is
expected to cause the band bowing, e.g., in ZnO1−xSx alloys
[36], a more gradual change in the band gap is observed [36]
upon alloying, in contrast to the present results for ZOGN.
Meanwhile, the explanation in terms of the hypothesis (ii),
is in a better agreement with the experimental observations;
indeed the defect band would not alter the NBE observed in
PL, since the ZnO VBM to CBM transitions would remain a
viable route for emission. Similar arguments can be put forth
for the broad band emission, since the introduction of a defect
band may not affect the energy position of the defect levels,
opposite to what has been reported for defect levels following
an upwards shift in VBM [36]. The fact that the energy
position of the contributions D1–D3 remains unchanged in
Fig. 6 is an additional argument in favor of (ii). Furthermore,
the strong shift in the apparent band gap from ∼3.3 to ∼2.4 is
in accordance with the introduction of a band with a specific
energy arising in the material, where the apparent band gap
absorption is related to a transition between conduction and

defect bands. This further corroborates why no change in the
absorption onset with increasing GaN content of the alloy is
seen over the so called plateau in Fig. 3.

The theoretical calculations show a similar strong band gap
reduction at modest GaN incorporations (i.e., below 25%),
although not as rapid as the experimental measurements in-
dicate. Figure 9 shows that the states at the VBM in the alloy
composition mainly consist of states formed by N p-like or-
bitals, and that these DOS shift upward in energy and broaden,
when increasing x from 0.02 to 0.2. Thus, N incorporation
introduces defect states at a higher energy compared to that
of binary ZnO (mainly arising from the O p orbitals), which
can be interpreted as nitrogen-related defects forming a band
at higher energy than the VBM of ZnO, in accordance with
our experimental observations. Figure 7 display the calculated
band structure of the binary ZnO and the ZOGN alloy with
x ≈ 0.2, normalized to the VBM. From Fig. 7 one can observe
a significantly reduced dispersion of the valence band of the
alloy compared to the binary ZnO, especially in the �-A
direction. The reduced dispersion arises since states are not
required to be degenerate at the A point for the alloy with
lower crystallographic symmetry. Moreover, Fig. 7 indicates
that an indirect transition has the lowest energy, as stated
previously, with the top of the valence band at the A point.

VI. CONCLUSION

In conclusion, a significant redshift in both optical absorp-
tion and electron energy loss spectra is observed for the highly
crystalline ZOGN thin films with x � 0.20. On the other hand,
the measured near-band-edge emissions show no indication of
the corresponding redshifts, still resembling what is expected
for pure ZnO, as a result of acceptor-bound and free exciton
interactions. This discrepancy is interpreted in terms of the
defect band formed within the band gap, and being respon-
sible for the absorption within the visible spectrum in the
alloys. The theoretical arguments were in agreement with the
experimental facts.
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