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Chemical structure and optical signatures of
nitrogen acceptors in MgZnO+
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The chemical and optical properties of wurtzite N-doped MgZnO epilayers with 16 at% Mg were grown
by pulsed laser deposition and investigated using Near Edge X-ray Absorption Fine Structure (NEXAFS)
and photoluminescence (PL) spectroscopy. When grown under nitrogen ambient the epilayers were an
order of magnitude more resistive and displayed significantly different optical signatures compared with
epilayers grown using similar conditions under oxygen or vacuum atmospheres. NEXAFS reveals that
nitrogen in MgZnO:N exists in multiple chemical states with molecular N, and substitutional N on O
sites (No) being the dominant species. The MgZnO:N epilayer exhibited a distinct PL peak centered at
3.45 eV, which possessed an activation energy of 48 meV and showed a blue shift with increasing
excitation power density. This PL emission in the MgZnO:N epilayer was attributed to a shallow donor —
deep acceptor pair recombination mechanism, where the compensating deep acceptor was most likely
molecular N at a Zn site. The results of this study offer the possibility of enhancing acceptor incorpora-
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1. Introduction

Wide bandgap oxide-based semiconductors have emerged in
recent years as important materials for use in a number of
electronics and photonics applications. In spite of the lack of
availability of reliable majority p-type doping, ZnO has become
one of the most prevalent oxide semiconductors, thanks to a
distinctive property set including a direct wide bandgap, intrin-
sically high transparency over the whole visible range, a high
piezoelectric response and a resistivity that can be tuned from
semi-insulating right through to semi-metallic by doping.
Moreover, the bandgap of ZnO can be engineered upwards by
alloying with MgO in order to fabricate UV sensors, solar cells,
quantum wells and two-dimensional electron gases (2DEG) at
MgZnO/ZnO heterointerfaces.” Furthermore, it has been
shown that epitaxial growth can allow MgZnO to retain the
wurtzite structure up to 35 at% Mg, which takes this material
into the class of ultrawide bandgap semiconductors and makes
it potentially attractive for use in future high-power electronics.

Analogous to ZnO, the group VA elements N, P and Sb have
been investigated as potential acceptor dopants in MgZnO.”™*°
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tion in oxides as well as for tuning their electrical and optical properties.

Computational studies, supported by Raman measurements,
indicate that alloying ZnO with MgO enhances the solubility of
nitrogen by lowering the formation energy of substitutional No
acceptors, and thereby increases the doping concentration.™
Moreover, it has been shown that hole generation could be
increased through the substitution of Zn by isovalent Mg,
which shifts the conduction band minimum upwards and
hence increases the ionization energies of compensating
donors."”™* Indeed, several groups have adopted MgZnO:N
for the p-side in fabricating exploratory MgZnO bipolar homo-
junction devices.*® However, considerable controversy still
exists over the chemical identity of nitrogen acceptors in
MgZnO. To date, most of the literature on N doping in MgZnO
primarily relates to electrical characterization; however, much
less is known about the nature of N acceptors themselves.
Although UV emission bands in MgZnO close to the bandgap
have been unambiguously assigned to neutral (D°X) and
ionized donor bound excitons (D'X),"®'” neutral acceptor
bound excitons (A°X) reported in the literature'”'® have not
yet been unequivocally identified. Like ZnO, the benefits of
MgZnO in broad device applications can only be realized once
the optical and electrical activities of dopants and defects in
this multifunctional material are established.

The aim of this work, therefore, was to obtain a detailed
understanding of the chemical and optical properties of N
acceptors in MgZnO:N. Although ion implantation would have
been a viable technique to explore high nitrogen doping levels,
this method generally creates significant damage to the crystal
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lattice so an in situ approach was adopted in this study invol-
ving pulsed laser deposition (PLD). MgZnO epilayers were
fabricated by PLD using identical conditions but under three
different growth atmospheres (nitrogen, oxygen and vacuum).
The chemical and optical properties of the MgZnO epilayers
were then systematically investigated by Near Edge X-ray
Absorption Fine Structure (NEXAFS) and photoluminescence
(PL) spectroscopy. The results are in good agreement with the
classical picture of nitrogen in ZnO, albeit with a significantly
deeper acceptor level in MgZnO. This study establishes that
nitrogen is primarily incorporated in MgZnO in the (Ny)z,
chemical state, which produces a strong signature donor-
acceptor-pair (DAP) emission centered at 3.45 eV at 80 K. This,
along with a marked increase in resistivity, indicates that (N,),
is playing the role of a compensating deep acceptor in MgZnO.

2. Experimental section

ZnO layers were grown on c-sapphire substrates by PLD with a
Coherent LPX 100 KrF (248 nm) excimer laser and a sintered
ZnO target, as described elsewhere."® MgZnO layers were then
grown on the ZnO/c-sapphire layers using a high-purity 5 N
MgZnO target with a composition of 4 wt% Mg in three
different atmospheres (nitrogen, oxygen and vacuum) as pre-
viously described.”® Low growth temperatures of ~ 500 °C were
adopted in order to overcome the low solubility of nitrogen in
MgZnO. In this way, the incorporated nitrogen concentration
was large enough to facilitate chemical analysis. The ZnO
underlayer was 145 nm thick, while the thickness of the MgZnO
layer was in the range of 215-330 nm as determined by optical
reflection interferometry. Surface morphology was examined
with a Park XE7 Atomic Force Microscopy (AFM) in non-contact
mode. The crystal structure was studied using X-Ray Diffraction
(XRD) in a high resolution Panalytical MRD Pro system using
Cu Ko, radiation. Electrical resistivity was measured at several
areas on each epilayer using a Signatone co-linear four-point
probe system equipped with a Keithley 2400 source-meter. Hall
measurements were not pursued because of the potential
ambiguity related to samples being constituted of two conduc-
tive layers with significantly different electrical characteristics.
Optical absorption was measured using a PerkinElmer Lambda
950 UV/VIS/NIR spectrometer. Correlative morphological and
photoluminescence (PL) analysis of the samples was conducted
in an FEI Quanta 200 Environmental SEM equipped with a
Hamamatsu S7011-1007 CCD spectrometer. PL spectra were
recorded using a He-Cd laser as an excitation source; the laser
power density could be varied using a set of neutral density
filters. The energy of laser photons (3.82 eV) was near and above
the bandgap of MgZnO, allowing for an enhancement of the
MgZnO luminescence emission relative to that from the ZnO
underlayer. NEXAFS, implemented in the Total Fluorescence
Yield (TFY) mode, was performed on the Soft X-ray Spectro-
scopy beamline at the Australian Synchrotron. The incident X-
ray beam was perpendicular to the film surface. The photon
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Table 1 Summary of c lattice parameter obtained from the XRD analysis
of the ZnO underlayer and MgZnO/ZnO bilayers, FWHM of the rocking
curve about (0002) reflection, RMS surface roughness fora 5 x 5 um? AFM
scan area, and electrical resistivity (p) at 300 K

Rock curve FWHM Roughness  p (Q
Layer c(d) @] (nm) cm)
ZnO 5.218 + 0.005 0.006 0.9 0.07
MgZnO:N/ 5.209 = 0.05 0.095 5.3 0.60
ZnO
MgZnO:0/ 5.162 = 0.05 0.09 6.0 0.08
ZnO
MgZnO:vac/ 5.223 = 0.05 0.10 5.8 0.08
ZnO

energy scale was calibrated against the Au 4f,, peak at 84 eV
from a clean gold film in electrical contact with the sample.

3. Results and discussion

Table 1 shows a summary of the XRD, AFM and electrical
resistivity findings. The XRD analysis reveals a wurtzite struc-
ture with strong preferential c-axis orientation along the growth
direction for all the MgZnO/ZnO layers. Detailed structural
analysis for the layers were described in our previous
publication.*® The ZnO underlayer shows distinct Pendellésung
fringes and a c-lattice parameter of 5.218 & 0.005 A (compared
with the equilibrium value of 5.206 A), suggesting that the ZnO
layer is under compressive strain in the basal plane. The ZnO
layer also shows a remarkably low (0002) rocking curve full
width half maximum (FWHM) value of 0.006 £+ 0.002° indicat-
ing that there is a narrow dispersion in the crystallographic
orientation about the c-axis. All the MgZnO/ZnO bilayers have
significantly broadened 20/Q peaks compared to the ZnO layer
due to the superposition of the peaks from the ZnO underlayer
and the MgZnO overlayer. These relatively broad peaks make
the precise value of the c-lattice parameter ambiguous at 5.209
+ 0.05, 5.162 + 0.05 and 5.223 =+ 0.05 A, respectively, for the
MgZnO:N/ZnO, MgZn0O:0/ZnO and MgZnO:vac/ZnO layers.
These values are, nevertheless, consistent with an epitaxial
growth of MgZnO on ZnO.*' The XRD (0002) rocking curve
FWHM s for all the MgZnO/ZnO bilayers are within a window of
0.095 £ 0.005°, indicating that the dispersion in the crystal-
lographic orientation about the c-axis is similar for all the
MgZnO overlayers. The RMS roughness values for the three
MgZnO/ZnO layers are similar and in the range of 5.3-6.0 nm.
The resistivity for the MgZnO:N/ZnO layer is almost an order of
magnitude higher than those for the layers grown under O, or
vacuum. The reduction in the n-type conductivity in the
MgZnO:N layer is similar to ZnO doping with N or Li, in which
native donor defects are compensated by the acceptor dopant,>”
and demonstrates the successful fabrication of N-doped
MgZnO using the in situ doping method.

Fig. 1(a) shows the Tauc plot for the MgZnO/ZnO bilayers.
There are sharp absorption edges at 3.38 eV and ~3.6 eV,
corresponding to the optical bandgaps of the ZnO underlayer
and the MgZnO overlayer, respectively. The Tauc plots reveal
that the band gap of the MgZnO:N layer is essentially the same
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Fig. 1 (a) Tauc plots for optical absorption of the MgZnO/ZnO layers at
300 K, yielding a bandgap of 3.38 eV for the ZnO underlayer and ~ 3.6 eV
for the MgZnO overlayer. (b) NEXAFS N K-edge spectra of MgZnO:0/ZnO
and MgZnO:N/ZnQO recorded in the bulk-sensitive TFY mode. The nitrogen
content in the MgZnO:0/ZnO and MgZnO:vac/ZnO was below the NEX-
AFS detection limit. The spectrum of the MgZnO:N/ZnO is fitted with four
mixed Gaussian—Lorentzian functions (the solid curve is the fit) corres-
ponding to four different chemical states of nitrogen.

as that of MgZnO:O or MgZnO:vac within the experimental
uncertainty. This result, combined with the XRD results,
indicates that the nitrogen doping induces no changes in the
band structure or crystalline quality of the MgO-ZnO alloy in
this PLD fabrication route. A MgZnO bandgap of 3.6 eV
corresponds to a Mg content of 16 at%.** To investigate the
chemical states of nitrogen in MgZnO:N/ZnO, NEXAFS spectra
were acquired around the N K-edge, which corresponds to
resonant electron transitions from the N 1s initial state to the
final unoccupied N-related state of p-symmetry. Fig. 1(b) shows
the NEXAFS measurements for the MgZnO:N/ZnO and
MgZn0:0/Zn0O layers. The spectra for the MgZn0O:0/ZnO and
MgZnO:vac/ZnO (not shown) are featureless showing only back-
ground signal around the N K-edge since their nitrogen concen-
tration is below the NEXAFS detection limit, which is about
1000 ppm (corresponding to 0.1%) under the experimental
conditions used. However, the nitrogen concentration in the
MgZnO:N layer was too low for the chemical analysis by
photoelectron spectroscopy. The detection of nitrogen in the
MgZnO:N layer is consistent with the observed 8x increase in
the film resistivity, compared with the layers grown under
oxygen or vacuum ambient, due to donor compensation by
nitrogen acceptors. The NEXAFS spectrum for the MgZnO:N/
ZnO comprises four distinct resonant peaks (labelled P1 to P4).
The strong resonance P1 at 400.7 eV is consistent with the
characteristic N 1s to ©* transition in N-N species.>* To the best
of our knowledge, there are no NEAXAF data for nitrogen in

This journal is © The Royal Society of Chemistry 2020
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MgZnO; however, a similar sharp resonance peak, close to the
P1 position, has previously been ascribed to molecular nitrogen
in Zn0,* GaN,*® and InN*’ that were doped with N ions.
Accordingly, we attribute the resonance P1 to nitrogen mole-
cules in MgZnO:N. The shoulder P2, at 399.7 eV, is at the same
position as the resonance previously observed in N-doped ZnO
crystals and can be assigned to the transition involving N 2pn*
and Zn 3d hybridised orbitals.?>”*® The structural resemblance
of P2 in MgZnO and ZnO indicates the formation of N-Mg and
N-Zn bonds, consistent with nitrogen substitution on oxygen
sites (No) in the lattice. The higher energy components, P3 and
P4, are close to the characteristic absorption peaks of various
nitrogen oxides, such as NO, (at 403.2 eV) and N,O (at 404.5
eV),”®?° which indicates the existence of substitutional N on Zn
sites in the MgZnO:N epilayer. It is proposed, therefore, that
nitrogen ions are present in several oxidation states in MgZnO,
in addition to the configurations N and N,, by forming N-O,
O-N-O and N-N-O bonds. The relative intensities of the
nitrogen chemical states were obtained by deconvoluting the
N K-edge spectrum using a Gaussian-Lorentzian function, as
shown in Fig. 1(e), showing that about half of nitrogen exists in
the N, state while only ~13% is in the No states.

The PL spectra for the MgZnO:N/ZnO, MgZn0:0/ZnO and
MgZnO:vac/ZnO bilayers and the ZnO underlayer are displayed
in Fig. 2(a). Two sharp peaks at 3.352 and 3.373 eV, observed in
all PL spectra, are attributed to the radiative recombination of
free excitons (FX) and donor-bound excitons (DX) in the ZnO
underlayer, respectively.>® Additionally, all epilayers exhibit a
periodic set of peaks at 3.519, 3.592, 3.665 and 3.739 eV as a
result of multiphonon resonant Raman scattering (RRS).*!
These sharp Raman peaks are separated from the HeCd 3.812
eV laser line by multiples of the longitudinal optical phonon
energy of MgZnO, E;o = 73 meV, where the Raman peak
position (Eggs) is given by Exps = 3.812 — nEo €V (n =1, 2, 3,
4).** significantly, the MgZnO:0 and MgZnO:vac epilayers
exhibit a near-band-edge (NBE) band peaked at 3.61 eV, which
is consistent with the band gap measured using the Tauc plot
in Fig. 1(c). The presence of the RRS peaks and the relatively
weak NBE emission from the MgZnO layers, compared with the
ZnO underlayer, are consistent with the effect of potential
fluctuations in the MgZnO alloy.*"*> The broadening of the
MgZnO NBE peak is most likely caused by lattice disorder
arising from the high Mg content. In comparison, the
MgZnO:N/ZnO bilayer shows an additional broad PL emission
centered at 3.45 eV, which is 160 meV below the MgZnO NBE.
This rules out its assignment to a N acceptor bound exciton
emission that is reported to be to less than 100 meV below the
bandgap of MgZnO films.'®** The 3.45 eV PL emission in the
MgZnO:N is similar to a previously reported shallow donor-to-
acceptor (DAP) transition in N-doped ZnO at 120 meV below the
NBE.**?* This result indicates that the nitrogen acceptor level
in MgZnO:N is ~40 meV deeper than in ZnO:N, assuming that
the binding energy of the dominant donor in ZnO and MgZnO
is similar. This deeper nature of N acceptors in MgZnO:N is in
agreement with the expected downward shift (AEyg) of the
Mg 1621340 valence band maximum relative to the ZnO level
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(a) PL spectra for the MgZnO/ZnO bilayers and ZnO underlayer (T = 80 K, Ejaser = 3.814 €V). The MgZnO:N/ZnO exhibits a pronounced DAP

emission at 3.45 eV due to nitrogen acceptors. The FX and DX emission peaks originate from the ZnO underlayer. The four sharp Raman peaks (labelled
1LO, 2LO, 3LO and 4LO) are separated from the laser line by multiples of the LO phonon energy, E| 6(MgZnO) = 73 meV. (b) Temperature-resolved PL
spectra for the MgZnO:N/ZnO with a logarithmic intensity scale. (c) Peak energies for the ZnO FX and MgZnO N-related DAP emissions in MgZnO:N/ZnO
as a function of temperature. The FX peak red shifts monotonically with increasing temperature, while the DAP follows an “S-shape” emission shift due to
compositional fluctuations. (d) Arrhenius plots yielding £, = 48 + 3 eV and E, = 63 &+ 4 eV for the MgZnO DAP and ZnO FX, respectively.

due to the ZnO/MgZnO band offsets; as in, for example,
Ohtomo et al.,** which reports a AEyg = 46 meV for ZnO/
Mg, ,Zn, gO. The DAP emission shift from the NBE emission
is also comparable with the reported level of E, + 160 meV
measured by deep level optical spectroscopy for acceptors in N-
doped MgZnO with 10 at% Mg."*

Temperature dependence of the radiative transitions gives
insights into the thermal behaviour and activation energies of
the recombination channels. Fig. 2(b) displays the temperature-
resolved PL spectra for the ZnO NBE and MgZnO:N emission
bands. (For the temperature-resolved PL spectra of the
undoped MgZnO layers, see ESIf Fig. S1.) With increasing
temperature, the ZnO DX emission is quenched rapidly as
neutral shallow donors become increasingly unavailable for
radiative recombination as a result of their thermal ionization.
Concurrently, the intensity of the ZnO FX peaks decreases,
broadens and red shifts due to the effects of lattice dilation and
electron-phonon interaction at low and elevated temperatures,
respectively. In a similar manner, the MgZnO NBE, at around
3.6 eV, shifts to lower energy and quenches with increasing
temperature, whereas the intensity of the MgZnO N-related DAP
is rather independent of temperature up to 130 K. As expected,
being independent of temperature, the positions of the sharp
RRS emission peaks remain constant as marked by vertical
dotted lines. Fig. 2(c) shows the temperature dependence of the
peak position of the MgZnO:N DAP peak and the ZnO FX for
comparison. The plot reveals that the DAP initially red shifts

4 | J Mater. Chem. C, 2020, 00, 1-7

from 80 to 180 K and then blue shifts from 180 K. This “S-
shape” profile is highly characteristic of DAP recombination in
semiconductor alloys with significant band edge potential
variations caused by compositional fluctuations.>® Here, as
the temperature increases from 80 K, photogenerated carriers
are able to populate from deeper local potential minima arising
from compositional fluctuations, which produces the observed
red shift. With a further temperature rise above 180 K, these
deep states empty due to thermal ionization, leading to the blue
shift in the peak position. The DAP blue shift could result from
shallow donor thermal ionization. However, Fig. 2(c) shows
that the DAP red shifts at a much slower rate than the FX with
increasing temperature, which supports the thermal fluctua-
tion mechanism. Since the 3.45 eV peak is completely absent in
the MgZnO:0/ZnO and MgZnO:vac/ZnO bilayers, this “S-
shape” behavior strongly supports the assignment of the 3.45
eV PL emission in the MgZnO:N/ZnO bilayer to DAP recombi-
nation involving a N deep acceptor. The Arrhenius plots of the
ZnO FX and MgZnO:N DAP intensities are shown in Fig. 2(d),
yielding activation energies of 63 + 4 and 48 + 3 meV,
respectively. The measured E, value for the FX is consistent
with the exciton binding energy of ZnO (60 meV) and associated
with thermal disassociation of excitons. The 48 meV E, value of
the MgZnO:N DAP is similar to the reported binding energies
(43 and 56 meV) for nitrogen acceptors in MgZnO films,'®
however, this E, value is too low to be logically ascribed to
thermal ionization of the nitrogen acceptor involved in the 3.45

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Power-resolved PL spectra of the MgZnO:N/ZnO bilayer at 80 K
for excitation power densities ranging from 0.1 to 2.7 kW cm™2. The
MgZnO:N DAP peak gradually blue shifts with increasing excitation density,
while the FX(ZnO), DX(ZnO) and RRS peak positions remain unchanged. (b)
Blue shift of the DAP peak by ~8 meV over the measured power density
range, characteristic of a DAP emission. (c) Log—log plot of the ZnO FX and
MgZnO DAP integrated intensities as a function of excitation density. The
lines are the fits to the power-law model Ip| oc I{;ser with a power exponent
k = 1.0 and 1.1 for the DAP and FX emissions, respectively.

eV emission, which has much greater binding energy as esti-
mated above. Accordingly, the 48 meV activation energy of the
MgZnO DAP is assigned to the binding energy of the dominant
donor in the MgZnO layers.

To confirm the nature of the emission bands, we conducted
power-dependent PL measurements for the MgZnO:N/ZnO
bilayer (Fig. 3). With increasing laser intensity, the FX and
RRS peak positions remain unchanged, whereas the 3.45 eV
band gradually shifts to higher energies as shown in Fig. 3(b).
This blueshift with increasing excitation power is characteristic
of DAP transitions and is explained by the Coulombic inter-
action between spatially separated donor-acceptor pairs at
different distances.”* The emission energy of the DAP is given
by the following relationship,

2

e
(DAP) = E, — (E, E _— 1
hv( ) = Ey = (Ea + Ep) + (1)

where E, is the bandgap, r is the distance between donor-

This journal is © The Royal Society of Chemistry 2020
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acceptor pairs, E, and Ep are the donor and acceptor binding
energies, respectively. The last term accounts for the Coulom-
bic interaction between the ionized donor and ionized acceptor
pairs involved in the radiative DAP recombination transition.
For the overlap between the wave functions of the donor and
acceptor to be significant, r is typically less than ~2.5 nm.*®
Using this value and Ep, = 48 meV, eqn (1) results in E, ~ 169
meV, which confirms that the nitrogen acceptor level in
MgZnO:N is deeper than in ZnO:N, as estimated above. With
increasing the excitation power density from 0.1 to 3 kW cm >
(see Fig. 3b), the DAP blue shifts about ~8 meV, which
originates from the saturation of distant pairs with long life-
times and a redistribution of the DAP recombination to closer
pairs with a larger Coulombic interaction. The power density
excitation data are further analyzed using the power-law model
Ipp o¢ Ifger, Where Iy is the integrated PL intensity and Jjag iS
the laser intensity. The log-log plots based on the power-law
model are displayed in Fig. 3(c), which yields a power-law
exponent k ~ 1 within the experimental error of the measure-
ment for both the ZnO FX and MgZnO DAP bands. The linear
dependence of the FX on excitation density is expected because
of the fast excitonic recombination lifetimes, typically <1 ns.*”
However, with DAP recombination a sub-linear power-law
exponent is generally expected due to saturation of the deep-
level defect involved in the radiative transition. The linear DAP
intensity dependence on excitation density observed for the
MgZnO:N indicates that the deep level is not saturated under
our excitation regime, which suggests the presence of a rela-
tively high concentration of N acceptors.

Our NEXAFS studies reported above reveal the existence of
several chemical states of N-related defects that are possible
candidates for the deep acceptor in the 3.45 eV DAP transition
observed in the MgZnO:N sample. Nitrogen is an amphoteric
impurity in ZnO and can act, therefore, as either a donor or an
acceptor impurity. Indeed, our NEXAFS results shown in
Fig. 1(b) reveal the incorporation of both types of dopants in
MgZnO:N. Here, the P1 and P2 peaks are attributed to the
presence of N, molecules and N acceptor states, respectively,
while the P3 and P4 resonances were assigned to substitutional
N on Zn sites, which act as donors. The significant concen-
tration of these donor centers in the MgZnO:N sample is
probably due to non-equilibrium PLD growth conditions at
relatively low temperatures. In ZnO, isolated Ng is a deep
acceptor, with the (0/—) level 1.3 eV above the valence band
maximum,*® thus this state is clearly too deep to act as an
acceptor in the 3.45 eV DAP emission. It has been proposed that
the No-Vz, complex could produce a shallower defect level at
160 meV; however, such a complex would be thermodynami-
cally unfavorable in low-temperature PLD growth as there is a
huge potential barrier of 1.1 eV to its formation.*® (N,)o, is a
shallow donor, which cannot explain the acceptor involved in
the observed DAP emission. In contrast, when occupying a
cation site, (N,)z, has been predicted to be a shallow double
acceptor with a binding energy of ~120 meV,** and would be
deeper by ~22 meV in Mgy 16Z1n, 340 due to the downward shift
of the MgZnO valence band edge relative to that of Zn0.**
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These results, coupled with our observation that N, is the
dominant state in the MgZnO:N, make the (N,);, state the
most likely candidate for the acceptor in the 3.45 eV DAP
emission. Given the fact that NEXAFS is highly sensitive to
the local bonding environment of nitrogen in the lattice, the
similarity of the P1 peak energy in the MgZnO:N NEXAFS
spectrum to other molecular N, peaks previously recorded in
nitrides and oxides (such as GaN, InN and Zn0)>° suggests that
N, molecules in MgZnO:N are only weakly bound to the lattice.

4. Conclusions

MgZnO epilayers (with 16 at% Mg) grown by PLD in a nitrogen
ambient facilitates nitrogen doping to a level where its
chemical states could be identified by NEXAFS. Such a large
dopant concentration was achieved by growing epitaxial
MgZnO on a ZnO underlayer using low-temperature growth
which favours the incorporation of nitrogen. Four point elec-
trical measurements showed a significantly increased resistivity
for the MgZnO:N epilayer compared with the MgZn0O:0 and
MgZnO:vac epilayers grown under similar conditions. PL
spectroscopy revealed a N-related 3.45 eV DAP band that was
absent in MgZnO:0 and MgZnO:vac epilayers, which exhibited
comparable band-edge emission at 3.6 eV. The DAP band in
MgZnO:N is located at 160 meV below the band-edge emission
and has an activation energy of 48 meV. It was found that
nitrogen dopants existed mostly in the molecular state, which
weakly bonds to the MgZnO lattice. Based on the experimental
evidence, it is suggested that (i) the DAP emission in MgZnO:N
is due to radiative recombination involving deep (N,)z, accep-
tors and shallow donors and (ii) the high concentration of
(N,)zn acceptors act to effectively compensate the predominant
n-type conductivity and thus renders the MgZnO:N layers
significantly more resistive.
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