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Solubility and chemical state of N in an N-doped MgxZn1–xO film were studied by using Raman
and x-ray photoelectron spectroscopy. Three anomalous Raman peaks are observed at 272, 580, and
642 cm−1, respectively, and are demonstrated to be only related to substitution of N for O site (NO)
but not to substitution of N2 for O site (N2)O. The solubility of the NO is dominated by Mg con-
centration and chemical potentials of N and O in growth condition. The chemical state of the N can
change from coexistence of (N2)O and NO to single (N2)O with increasing Mg concentration. © 2010
American Institute of Physics. [doi:10.1063/1.3505636]

I. INTRODUCTION

Since band gap of MgZnO alloy with wurtzite structure
is larger than that of ZnO and can be tuned by changing Mg
concentration,1 the alloy is considered as a suitable barrier
layer material for preparation of ZnO-based quantum well
and is investigated widely in the recent years.2–4 Now, n-type
MgZnO with high crystal quality and various band gaps can
be prepared well, but fabrication of reliable p-type MgZnO
with good stability and electrical properties is still a difficult
task and becomes bottle-neck problem obstructing application
of MgZnO in optoelectronic devices. In the recent years, some
research groups have made many efforts to prepare p-type
MgZnO by using N as an acceptor dopant.5 However, as same
as the preparation of N-doped p-type ZnO,6, 7 it is also hard
to fabricate reproducibly N-doped p-type MgZnO with low
resistivity, high carrier concentration, and high mobility due
to low solubility of N in MgZnO and self-compensation of
(N2)O and other native donors for NO acceptors, where (N2)O

and NO represent substitution of N2 and N for O site, respec-
tively, and are two kinds of chemical state of N in N-doped
MgZnO (Ref. 5). Obviously, it is very important to increase
the solubility of NO and decrease the self-compensation of
(N2)O for fabrication of N-doped p-type MgZnO. Therefore,
it is necessary to characterize chemical state and solubility of
N in the N-doped MgZnO correctly and understand effect of
Mg on the chemical state and solubility. X-ray photoelectron
spectroscopy (XPS) is usually used to characterize the chem-
ical state and the solubility of the N in the N-doped MgZnO
or ZnO; however, which are demonstrated to be very difficult.

Raman spectroscopy is a versatile technique for fast and
nondestructive study of dopant incorporation. Recently, this
technique is used to investigate N-doped or N+-implanted

a)Author to whom any correspondence should be addressed. Electronic mail:
binyao@jlu.edu.cn.

ZnO,8–13 and a number of anomalous Raman peaks are ob-
served near 275, 504, 582, and 643 cm−1 besides Raman
peaks of ZnO, which are considered to be related to N dop-
ing, but the origin of these peaks is still argued. In fact, the N
has two chemical states of NO and (N2)O in N-doped ZnO, as
mentioned above. If we can clarify whether the Raman peaks
come from NO or (N2)O, we can characterize expediently and
exactly the chemical state of the N by Raman spectroscopy,
which is important for preparation of N-doped ZnO.

In the present work, the chemical state and solubility of
the N in the N-doped MgZnO film are characterized by Ra-
man spectroscopy and XPS, effects of Mg concentration on
the chemical state and solubility are investigated, and the ori-
gin of the anomalous Raman peaks is discussed.

II. EXPERIMENTAL

MgxZn1–xO films were prepared by radio frequency (rf)
magnetron sputtering technique in two kinds of experimental
procedures, respectively: (I) sputtering a ceramic target
with a nominal component of Mg0.04Zn0.96O using mixed
gases of 99.99% pure nitrogen and argon at the flux ratio of
N2/(N2 + Ar) of 0, 1/2, 4/5, and 1, respectively, and
(II) sputtering ZnO, Mg0.04Zn0.96O, and Mg0.08Zn0.92O
targets using the mixed gas at a fixed flux ratio of 4/5. In both
procedures, the sputtering gases were adjusted to maintain a
constant chamber pressure of 1.0 Pa, and all the MgxZn1–xO
films were grown on quartz substrates for 1 h at a substrate
temperature of 773 K, and then annealed for 30 min at 873 K
under 10−4 Pa in a tube furnace.

The structures of the films were characterized by x-ray
diffraction (XRD) with Cu Kα1 radiation (λ = 0.15406 nm).
The composition of the MgxZn1–xO film was detected by us-
ing energy dispersive x-ray spectroscopy (EDS) and XPS. The
chemical state of the N in N-doped MgZnO was characterized
by XPS. Raman backscattering spectra were obtained at room
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FIG. 1. Raman spectra of annealed MgZnO:N films produced by procedure
(I) at various flux ratios of N2/(N2 + Ar) of: (a) 0, (b) 1/2, (c) 4/5, (d) 1, and
(e) of quartz substrate.

temperature using 514.5 nm line of an Ar+ laser and incident
power of 20 mW.

III. RESULTS AND DISCUSSION

The XRD and EDS measurements indicate that all the
MgxZn1–xO films prepared in procedure (I) are MgZnO al-
loys with wurtzite structure and Mg content in the MgZnO
films increases with increasing the flux ratio. The increment
of the Mg content was interpreted in our previous literature.14

Figures 1(a)–1(d) show the normalized Raman spectra of the
annealed MgxZn1–xO films grown in procedure (I) at the flux
ratios of N2/(N2 + Ar) of 0, 1/2, 4/5, and 1. Three Ra-
man peaks are observed at about 436, 486, and 580 cm−1 in
Fig. 1(a). The 486 cm−1 peak [marked by � in Figs. 1(a)
and 1(e)] is also found in Raman spectrum of the quartz sub-
strate used in the present work, so it is due to Raman peak of
the quartz. The 436 and 580 cm−1 peaks [marked by � in
Fig. 1(a)] are also observed in Raman spectrum of ZnO
and are attributed to E2

high and A1(LO) + E1(LO) modes,15

respectively. This result implies that the MgZnO alloy with
wurtzite structure has similar Raman spectrum to ZnO and
there is no additional vibrational mode when Mg alloys with
ZnO to form MgZnO.

Figures 1(b)–1(d) indicate that three additional Raman
peaks are observed at about 272, 504, and 642 cm−1 [marked
by • in Fig. 1(b)] in the MgxZn1–xO films fabricated at flux
ratios of 1/2, 4/5, and 1 besides the Raman peaks of E2

high,
A1, and quartz; moreover, it is also found that the intensities
of the additional peaks and 580 cm−1 peak increase with in-
creasing the flux ratio. Because the peak at 504 cm−1 partially
overlaps the quartz peak, so we will not discuss it in the fol-
lowing. Obviously, the only difference in growth condition is

FIG. 2. Raman spectra of annealed (a) ZnO:N, (b) Mg0.11Zn0.89O:N, and
(c) Mg0.32Zn0.68O:N films produced by procedure (II).

that the sputtering gas does not contain N2 for the MgxZn1–xO
corresponding to Fig. 1(a) but for the MgxZn1–xO correspond-
ing to Figs. 1(b)–1(d). Based on the results of Figs. 1(a)–1(d),
it is deduced that N incorporates into MgxZn1–xO to form
N-doped MgZnO (denoted as MgZnO:N) as the MgxZn1–xO is
produced by using sputtering gas containing N2 and that
the appearance of the additional Raman peaks and incre-
ment of 580 cm−1 peak intensity are related to N doping
in the MgZnO. Furthermore, the intensities of the three Ra-
man peaks are in direct proportion to N concentration in the
MgZnO:N. In order to confirm the deduction, the MgZnO:N
were annealed for 30 min in a temperature ranging from 973
to 1173 K under 10−4 Pa in a tube furnace. The Raman mea-
surement for the annealed MgZnO:N indicates that the in-
tensity of the three Raman peaks (the Raman spectrum is
not given here) decreases with increasing annealing temper-
ature. When the annealing temperature reaches 1173 K, the
272 and 642 cm−1 peaks disappear. It is well known that N
is in metastable thermodynamic state in the N-doped ZnO
or MgZnO and will escape as the N-doped ZnO or MgZnO
is annealed at temperature of above 873 K. The higher the
annealing temperature, the faster the N escapes. When the
temperature reaches 1173 K, all N will escape from the N-
doped MgZnO. Therefore, the decrease in intensity for the
three Raman peaks is due to decrease in N concentration in
the MgZnO:N, which confirms above deduction. So Raman
spectrum can be used to detect N doping in MgxZn1–xO. Sim-
ilar result is also observed in N-doped ZnO and researched
wildly in the recent years,8–13 but origin of these Raman peaks
is still argued.

It is found from the Raman and EDS measurements that
both N and Mg concentrations in the MgZnO:N produced in
procedure (I) increase with increasing the flux ratio, while
the increase of the flux ratio means increment of N2 con-
tent in the sputtering gas. In order to understand whether the
increment of the N concentration in the MgZnO:N comes
from the increase of the Mg concentration or the increase
of the N2 content in the mixed gas, one N-doped ZnO
and two N-doped MgZnO were fabricated by experimental
procedure (II), where the targets are ZnO and MgxZn1–xO
with different Mg content and mixed gas is fixed at flow ratio
of 4/5. The XRD and XPS measurements indicate that three
samples are doped by N and have wurtzite structure.
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FIG. 3. XPS spectra of N1s annealed (a) ZnO:N, (b) Mg0.11Zn0.89O:N, and
(c) Mg0.32Zn0.68O:N films produced by procedure (II).

Figures 2(a)–2(c) exhibit normalized Raman spectra of
the N-doped ZnO, Mg0.11Zn0.89O, and Mg0.32Zn0.68O pro-
duced by procedure (II), which indicate that the intensity of
272, 642, and 580 cm−1 peaks decreases with increasing Mg
concentration. The 272 and 642 cm−1 Raman peaks almost
disappear as Mg concentration is 0.32, as shown in Fig. 2(c).
In order to understand effect of Mg on solubility and chem-
ical state of N as well as origin of the additional Raman
peaks, XPS measurement was performed for the N-doped
ZnO, Mg0.11Zn0.89O, and Mg0.32Zn0.68O.

Figures 3(a)–3(c) show the XPS spectra of N1s of the N-
doped ZnO, Mg0.11Zn0.89O, and Mg0.32Zn0.68O films. Prior
to the XPS measurement, all films are etched by Ar+ ion
for 120 s. Figure 3(a) shows that the N-doped ZnO has two
N1s peaks, located at 395 and 403 eV, respectively. Since the
395 and 403 eV are close to N1s binding energy of NO and
(N2)O in N-doped ZnO (Ref. 7), respectively, the two peaks
are assigned to radiation of N1s of NO and (N2)O, respectively,
which implies that the N has two chemical state of NO and
(N2)O in the N-doped ZnO. Figure 3(b) indicates that the N
also has two chemical state of NO and (N2)O in the N-doped
Mg0.11Zn0.89O, but the N1s peak intensity of the NO becomes
weaker, in comparison with the N1s peak of NO in the N-
doped ZnO, implying that the NO concentration is less in the
N-doped Mg0.11Zn0.89O than in the N-doped ZnO. However,
when Mg concentration increases to 0.32, the N1s peak of the
NO disappears and only N1s peak of the (N2)O is observed,
as shown in Fig. 3(c), implying that there is no NO in the
N-doped Mg0.32Zn0.68O. Figure 3 indicates that the NO con-
centration decreases with increasing Mg concentration in the
N-doped MgZnO produced at a fixed flux ratio. Based on the
results of Figs. 2 and 3, three important conclusions are ob-
tained: (1) Mg can change chemical state of N in the N-doped
MgZnO at a fixed flux ratio, (2) the additional Raman peaks
observed in N-doped ZnO and MgZnO are only related to NO

but not to (N2)O, and (3) NO solubility in N-doped MgZnO
produced in procedure (II) decreases with increasing Mg con-
centration.

It is worth noting that the third conclusion seems to
be contradictory to the results reported in our previous
literatures16 and observed in the N-doped MgZnO produced
by procedure (I).

TABLE I. Formation energy �E(NO) for N-doped Mg0.25Zn0.75O and N-
doped ZnO.

mNN �E(NO)

3NN 2.509 – μN + μO

2NN 2.054 – μN + μO

1NN 1.623 – μN + μO

0NN 1.215 – μN + μO

ZnO 1.113 – μN + μO

Many research literatures on N-doped ZnO indicate that
the solubility and chemical states of N in ZnO are related to
the stoichiometry of ZnO and chemical potentials of N and
O. For example, N incorporates easily into ZnO under O-poor
condition. However, for N-doped MgZnO, the solubility and
chemical states of N are not only influenced by the stoichiom-
etry and the chemical potentials of the N and O, but also by
Mg concentration; and even the Mg concentration seems to
have dominant influence under some conditions based on the
present experimental results mentioned above. In order to un-
derstand the effect of Mg on NO solubility, our groups have
previously calculated the formation energy of NO in N-doped
ZnO and Mg0.25Zn0.75O disordered alloy using first-principles
calculation and results are listed in Table I.16 The formation
energy �E(NO) can be written by

�E(NO) =EZnO(or EMgZnO(mNN)) − μN +μO, (1)

where EZnO and EMgZnO(mNN) are formation energy of NO in
ZnO and Mg0.25Zn0.75O having m Mg ions at nearest neigh-
bor site of NO when –μN + μO = 0, respectively, and μN

and μO are chemical potential of N and O, respectively.
Table I shows that the first term in Eq. (1) increases with in-
creasing the number of Mg ion at nearest neighbor site of NO,
which implies that NO is easier to bind with Zn than Mg and
the EMgZnO(mNN) increases with increasing Mg concentra-
tion. The μN and μO are related to growth condition of the
films, and increase in μN or decrease in μO can make the NO

solubility in the MgZnO increase.
For MgxZn1–xO:N produced by procedure (I), the Mg

concentration increases only from 0.06 to 0.17 with increas-
ing the flow ratio from 0 to 1. The Mg concentration is too
small to have enough possibility to bind with NO, resulting
in that the EMgZnO(mNN) increases little with increasing the
flux ratio. On the other hand, since N content in the mixed gas
increases and O content decreases with increasing the flux ra-
tio, the μN increases but μO decreases greatly with increasing
the flux ratio. Therefore, the change of the �E(NO) is domi-
nated by change of μN and μO. Based on Eq. (1) and above
discussion, it is deduced that the �E(NO) decreases with in-
creasing the flux ratio, which is favorable to incorporation
of NO into MgZnO. In addition, it is also found that O con-
centration in MgZnO decreases with increasing the flux ratio,
which is also favorable to NO doping in the MgZnO. Accord-
ing to the above discussion, it is deduced that the increment
of the NO solubility in the MgxZn1–xO:N produced in proce-
dure (I) is mainly due to increase in μN, decrease in μO and
O concentration, and the effect of Mg on the NO solubility is
little.
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However, for the N-doped MgxZn1–xO produced in pro-
cedure (II), it is found from the EDS measurement that the
atomic ratio of O to (Mg + Zn) deviates from the stoi-
chiometry and decreases from 0.783 to 0.668, as the Mg
concentration increases from 0 to 0.32, which implies that the
O vacancies of the MgxZn1–xO:N increases with increasing
Mg concentration. However, the XPS and EDS measurements
indicate that the NO solubility does not increase with increas-
ing O vacancies but decreases with increasing Mg concen-
tration, which means that the NO solubility is not dominated
by stoichiometry but the Mg concentration. In fact, the μN

and μO change little in procedure (II) due to fixed flux ra-
tio, so the �E(NO) is dominated by the first term of Eq. (1).
Since the �E(NO) increases when the Mg and NO become
the nearest neighbors, as indicated in Eq. (1), the amount of
NO incorporated into the MgxZn1–xO should decrease when
Mg concentration increases to avoid increase in the �E(NO),
that is, the NO solubility of the MgxZn1–xO is dominated
by the Mg concentration and decreases with increasing Mg
concentration.

In addition, since the amount of N and O is fixed in pro-
cedure (II), the decrease in NO solubility induced by the in-
crease in the Mg concentration implies that more N atoms or
molecule will remain in the growth ambient and react with
O to form NO or NO2. For the NO or NO2 will be expelled
soon by pump, the amount of the O in the growth ambi-
ent goes down, leading to a decrease in the O concentration
in the N-doped MgxZn1–xO with increasing Mg concentra-
tion, in agreement with the EDS measurement results. The
agreement also confirms that the three conclusions mentioned
above are reliable and the suggested mechanism of the ef-
fect of Mg on the solubility and chemical states of the N is
reasonable.

IV. CONCLUSION

Effects of Mg on solubility and chemical state of N in the
N-doped MgxZn1–xO thin films were investigated by Raman
spectroscopy and XPS. Three characteristic Raman peaks re-
lated to N doping are observed in the N-doped MgxZn1–xO at
272, 580, and 642 cm−1, respectively, and are demonstrated
to be only related to NO but not to (N2)O. The intensity of
these Raman peaks is in direct proportion to NO concentra-
tion in the N-doped MgxZn1–xO. The solubility of NO in the
N-doped MgxZn1–xO is affected by the number of Mg at near-
est neighbor site of NO as well as μN and μO. The solubility
decreases with increasing Mg concentration and μO but in-

creases with increasing μN. The chemical state of N in the
MgZnO:N is influenced by Mg concentration when μN and
μO is fixed and can be changed from coexistence of NO and
(N2)O in the MgZnO:N with low Mg concentration to single
(N2)O in the MgZnO:N with high Mg concentration.
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