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N-doped ZnO films were prepared in nitrogen plasma by pulsed laser deposition. Clear room temperature ferro-

magnetism has been observed in the film prepared at a substrate temperature of 500 °C. The structural characterizations

of X-ray diffraction, Raman, and X-ray photoelectron spectroscopy confirm the substitution of O by N in ZnO, which

has been considered to be the origin of the observed ferromagnetism. Furthermore, ferroelectricity has been observed

at room temperature by piezoelectric force microscopy, indicating the potential multiferroic applications.
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1. Introduction

Multiferroic materials, exhibiting simultaneously
the magnetic and ferroelectric order, have been widely
studied in recent years due to their abundant physics
and potential application in sensors, data storage, and
spintronics.l) ZnO is a direct wide band gap semicon-
ductor (Eg ~ 3.3 eV at 300 K), which has wide appli-
cations in optical devices.[) Ferroelectricity has been
observed in ZnO with Zn site substitution by Li, Be,
Mg, V, Cr, etc.3=5 Especially for those 3d transition
metals (V, Co, Cr, etc.) doped ZnO, the so-called
diluted magnetic semiconductor (DMS),[ room tem-
perature ferromagnetism has also been reported.!”-8!
Thus, ZnO might become a multiferroic DMS by ap-
propriate ion doping.

Previously, to generate ferroelectricity and ferro-
magnetism, ions have been selected to dope mainly
on the cation sites (Zn) in ZnO. No ferroelectricity
has been reported on ZnO with ion doping on an-
ion sites (O). Room-temperature ferromagnetism has
also been observed in nonmagnetic ion-doped ZnO on
anion sites; for example, C doping, where the ferro-
magnetic impurities can be excluded.[? 1% Theoretical
calculation predicted possible ferromagnetism in ox-
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ides by substituting N for O.'%12] However, experi-
mentally, the incorporation of N into ZnO is difficult.
In our previous study of the ZnO film prepared under
a Ny atmosphere, no N was detected.[*3] In this paper,
we report the preparation of ZnO film in N plasma, in
which N has been clearly confirmed to substitute oxy-
gen. Furthermore, room temperature ferromagnetism
and ferroelectricity have been observed, indicating the
potential multiferroic applications.

2. Experimental detail

N-doped ZnO films were prepared on surface-
oxidized Si substrates by pulsed laser deposition
(PLD) from pure ZnO (AR) targets. The base pres-
sure was 5 x 107° Pa. During the film deposition
and cooling, N plasma (Ny pressure of 5 Pa) was ap-
plied. No voltage drop was applied directly onto the
substrate. Two ZnO films were prepared at different
substrate temperatures (Ty), ZnO-1 at Ty = 500 °C
and ZnO-2 at T is room temperature. The film thick-
ness of about 190 nm was controlled by the number
of laser pulses (5000 in this paper) with pulse energy
of 300 mJ and ez-situ determined by scanning elec-
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tron microscopy (SEM, FEI Quanta200). We used
plastic tweezers and paid much attention to avoiding
any contamination. The structures of the films were
studied by X-ray diffraction (XRD, Rigaku UltimallI)
with Cu Ka radiation; Raman measurements (Horiba
Jobin Yvon LabRAM HR 800) with a 785-nm exci-
tation source; and X-ray photoelectron spectroscopy
(XPS, ThermoFisher SCIENTIFIC) with an Al Ko
X-ray source (hv = 1486.6 eV). The ferroelectric be-
haviour was studied through piezoelectric force mi-
croscopy (PFM) with a scanning probe microscope
(SPM, Veeco Nanoscope Dimension V). The magneti-
zation was measured by a physical property measure-
ment system (PPMS-9, Quantum Design).

3. Results and discussion

Figure 1 shows the XRD spectra. As can be
clearly seen, only the ZnO (002) peak is observed
for ZnO-1, indicating the highly (002) texture with-
out any impurity phase. No diffraction peak can be
observed for ZnO-2, indicating the amorphous struc-
ture. To clearly understand the doping effect of N,
ZnO film under similar conditions as ZnO-1 without
N plasma was prepared. The XRD pattern is shown
in Fig. 1 (indicated by an arrow). It can be clearly
seen that the (002) peak of ZnO-1 shift to higher an-
gle, indicating the decrease of ¢ lattice constant. The
obvious shift of the (002) peak may be due to the fact
that the length of the Zn—N bond is shorter than that
of the Zn—-O bond. This suggests the substitution of

O mainly by N, instead of Ny.[14~16]
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Fig. 1. The XRD patterns of ZnO-1 and ZnO-2. The
arrow indicates the ZnO film prepared under similar con-
ditions as ZnO-1 without N plasma.

Figure 2 shows the M—H curves for ZnO-1 and
Zn0-2 measured at 300 K after subtracting the dia-
magnetic signal from the Si substrate and ZnO matrix.
ZnO-1 exhibits a clear hysteresis loop, with saturation
magnetization (M;) of about 3 emu/cm?. For ZnO-2,

only negligible weak ferromagnetism can be observed.
As the ZnO film prepared at Ty = 500 °C in 10 Pa
O3 only exhibits diamagnetism, the possibility of fer-
romagnetic impurities can be excluded.['” To exclude
the ferromagnetic contribution of O vacancies, the M-
H curve of ZnO film under similar conditions as ZnO-1
without N plasma is presented (indicated by arrows).
As can be seen, the magnetization of ZnO-1 is much
larger. Thus the enhancement of the magnetization
can be attributed to the inclusion of N.

Zn0-2

O = N W

M Jemu - cm™3
L

H/103 Oe

Fig. 2. The M—H curves for ZnO-1 and ZnO-2 after sub-
tracting the high field linear background. The inset shows
the raw data. The arrows indicate the ZnO film prepared
under similar conditions as ZnO-1 without N plasma (1 Oe
= 79.5775 A/m).

The hexagonal wurtzite ZnO belongs to the
P6smc space group and has the following optical
modes: A;+E;+2E; (Raman active), 2B; modes (Ra-~
man silent), and A;+E; modes (infrared active).['8!
Figure 3 shows the room-temperature Raman spec-
trum of ZnO-1. Since the light penetration depth is
larger than the thickness of the film, the modes of

I and

the Si substrate are also observed at 301 cm™
521 cm 1.9 The peak at 437 cm~! is commonly at-
tributed to the Ey (high) mode.!'8! Besides the host
phonons of ZnO, two peaks at 275 cm ™' and 578 cm ™!
are observed and are considered to be N related.?"]
The peak at 578 cm ™! can be ascribed to the forma-
tion of defects, such as oxygen vacancy (Vo), intersti-
tial Zn (Zny), and lack of free carrier.?Y) The peak at
275 cm ™! is attributed to the Zni—No complex, where

No is the substitutional N at O sites.[2?
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Fig. 3. Raman spectrum of ZnO-1. The arrows indicate
the modes from the Si substrate.
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Figure 4(a) shows the XPS survey spectrum of
ZnO-1. Besides the C from the contaminations due to
hydrocarbon adsorption on the sample surface from
the laboratory environment, the spectrum contains all
the major core lines of Zn and O, confirming the pu-
rity of the films.?* Figure 4(b) shows the N1s XPS
spectrum before (upper curve) and after (lower curve)
etching the surface. The N1s spectrum can only be ob-
served some depth below the surface, due to the fact
that N cannot stay stable on the film surface.?*! The
peak position determined by the fitting is 396.7 eV,

which corresponds to the N substitution on O sites. 2!
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Fig. 4. (a) The XPS survey spectrum, (b) the XPS spectra
of N1s, and (c) the XPS spectra of Zn2P3 /5 for ZnO-1. The
upper curve in panel (b) was taken from the surface, and the
bottom curve was taken after etching the surface. The arrow
in panel (c) indicates the ZnO film prepared under similar
conditions as ZnO-1 under 10 Pa O2 and without N plasma.

In the present study, structural characterizations
have clearly confirmed the N substitution on O sites,
and the defect contribution to the observed ferromag-
netism can be excluded, due to the much weaker fer-
romagnetism in the ZnO film with much higher de-
fects concentration. Theoretical calculation has shown
that local magnetic moments mainly located on Ng
introduce a total moment of 1.0 pug/atom, and the
long-range magnetic coupling can be attributed to a
p—d exchange-like p—p coupling interaction involving
holes.[26] Yu[?" suggested another possible mechanism
that the net spin of one half can be induced in the d-
orbit of Zn by electron transfer from Zn to N.[27 Fig-
ure 4(c) shows the Zn2Pg/, spectrum of ZnO-1. For
comparison, the Zn2P3 /5 spectrum of ZnO film pre-
pared under similar conditions to ZnO-1 under 10 Pa
O2 without N plasma is also presented (indicated by
the arrow). If there is electron transfer from Zn to
N, the Zn2P3/, shift might be observed.24 As can be

seen in Fig. 4(c), both peaks are located at 1022.2 eV,
indicating that no electron transfers from Zn to N.
Thus the observed ferromagnetism can be concluded
to be hole mediating between Ng. However, there is
still a question about whether the hole concentration
can be high enough to mediate this ferromagnetism,
since the recent theoretical calculation points out that
N is actually a deep acceptor.[?®] The films are insu-
lating, and the carrier type and concentration can-
not be determined by the conventional Hall measure-
ments. We suggest that the observed ferromagnetism
might be explained by the bound magnetic polaron
model.1?9-3% The acceptor holes form the bound mag-
netic polarons, which overlap to create a spin-split im-
purity band to mediate the Ngs.

Figures 5(a) and 5(b) show the atomic force mi-
croscopy (AFM) and PFM images of ZnO-1, respec-
tively. The domain pattern can be observed. Fig-
ure 5(c) shows the piezoelectric coefficient ds3 ver-
sus the applied voltage hysteresis loop. Since the
d3s in perovskite ferroelectrics can be expressed as
d3z = 2Qege0erPs, where Qg is the effective elec-
trostriction coefficient, P;, g, and e, are spontaneous
polarization, the permittivity of free space, and the
relative permittivity, respectively.l) The observed do-
main pattern and ds3 loop indicate the ferroelectric
behaviour of ZnO-1. The signal is weak, which might
be due to the large leakage current because ZnO is a

semiconductor.
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Fig. 5. (a) The AFM and (b) PFM images (1 pm X 1 pm),
(c) the d33 versus applied voltage hysteresis loop of ZnO-1.

However, recent calculation points out that the
ferroelectric behaviour might occur at a typical
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semiconducting concentration of free carriers around
10'7 cm—3.3Y Thus it is suggested that better ferro-
electric behaviour might be achieved by optimizing the
film preparation. Our results clearly demonstrate fer-
roelectricity in ZnO due to ion substitution on anion
sites (O). The mechanism of the ferroelectricity might
be explained by the ionic radius difference (1.32 A
for N3~ and 1.24 A for 0>7).13?l However, it must be
noted that the mechanism for the ferroelectricity in
7ZnO is still an open question and needs further theo-
retical and experimental study. 33!

4. Conclusion

In conclusion, room-temperature ferromagnetism
has been clearly observed in ZnO film prepared in N
plasma by PLD at T of 500 °C. Structural character-
ization has confirmed the substitution of O by N. The
ferromagnetism has been attributed to the hole me-
diating between Ng. Ferroelectricity due to the ionic
radius difference between the doped and host anions
has been observed. The observed ferromagnetism and
ferroelectricity in N-doped ZnO indicate the potential
multiferroic applications.
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