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Abstract
Single crystal ZnO was implanted using nitrogen ions with an energy of 60 keV.
The microstructure, photoluminescence (PL) and magnetism were studied in detail.
Except for nitrogen, no other impurity can be detected by x-ray photoelectron spectra
measurements. The room temperature PL of pure ZnO consists of a weak ultraviolet (UV)
emission band and a strong green emission band. The PL and electrical conductivity can be
suppressed by nitrogen implantation or by annealing in air. However, the two emission bands
of pure ZnO can be enhanced intensively by Ar+ etching. The PL is related to the structure
defects. Moreover, the intensity of UV luminescence is likely correlated to the electrical
conductivity. Ferromagnetism cannot be obtained in the nitrogen-implanted sample from 77 to
300 K. The absence of ferromagnetism in nitrogen-implanted ZnO may be because there is no
strong interaction between N 2p and O 2p electrons as nitrogen is a deep acceptor in ZnO.

PACS numbers: 78.55.Et, 75.50.Pp

1. Introduction

The magnetism of ZnO free of magnetic transition metal was
widely studied because of its potential application as a diluted
magnetic semiconductor [1–13]. Up to now, room temperature
ferromagnetism has been obtained experimentally in various
systems of ZnO material, such as pure ZnO films [1],
pure ZnO nanoparticles [2], Ar-implanted ZnO single
crystal [3], Znx (ZnO)1−x granular films [4], carbon-doped
ZnO films [5–7], nitrogen-doped ZnO films [8] and carbon
and nitrogen dual-doped ZnO powders [9, 10]. The origin of
magnetism was widely attributed to intrinsic defects (oxygen
vacancy [2] and zinc interstitials [1, 4]) or light no-metal
dopants (carbon and nitrogen [5–7], [9, 10]). Taking into
account the stability and reproducibility, the light no-metal
dopants seem to be more preferable than the intrinsic
defects [11].

Nitrogen is an interesting dopant for ZnO. Its ionic
radius is nearly the same as that of oxygen. Although
ferromagnetism has been obtained in nitrogen-doped ZnO
by calculation [12, 13] and experiment [8], there is still
some debate. For example, the calculation attributed the main
magnetism to the spin-polarized 2p electrons of nitrogen
dopants [12, 13]. However, the magnetism was experimentally

interpreted using the bound magnetic polaron resulting from
the net spin in the d-orbits of Zn [8]. There is also the
argument about the carriers’ type (electron or hole) in
mediating the magnetic interaction [5, 9]. In addition, no
agreement is obtained about the role of nitrogen impurity
in the magnetism of carbon-doped ZnO [9, 10]. Therefore,
more work is needed to better understand the mechanism of
magnetism in nitrogen-doped ZnO.

Besides the magnetism, the photoluminescence (PL)
and electrical conductivity of nitrogen-doped ZnO were
also intensively investigated [14–21]. Recently reported
results [21] indicate that nitrogen dopant cannot induce
p-type conductivity in ZnO as it is a deep acceptor in
ZnO. The faults of previous calculations are that they
are based on density functional theory (DFT) with local
density approximation or generalized gradient approximation
(GGA) [21]. It should be noted that the theory-predicted
ferromagnetism in nitrogen-doped ZnO is also based on DFT
with GGA [12, 13]. Therefore, it is necessary to reconsider the
PL, electrical conductivity and magnetism of nitrogen-doped
ZnO. We study the magnetism and optical properties of
nitrogen-implanted ZnO single crystal in this paper. Our data
can be interpreted using the calculation results [21].
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Figure 1. XRD patterns of pure ZnO and nitrogen-implanted
samples.

2. Experiments

The nitrogen-doped ZnO samples were fabricated by nitrogen
ion implantation using a 10 × 10 × 0.5 mm3 polished single
crystal ZnO substrate with a 〈0001〉 crystallographic axis.
The single-crystal ZnO substrates were available from
Hefei Kejing Materials Technology Co. Ltd. The nitrogen
implantation in ZnO was performed at the energy of 60 keV
with the nominal dose of 1 × 1016, 1 × 1017 or 1 × 1018 ions
cm−2 in a vacuum chamber of 2 × 10−3 Pa. The substrate
was kept at room temperature by the circulation of cooling
water during ion implantation. The crystalline structure of
the material was analyzed by x-ray diffraction (XRD) using
a Philips X’Pert diffractometer with Cu-Kα radiation (=
0.154 056 nm). The samples’ stoichiometry was measured
by Kratos X SAM 800 x-ray photoelectron spectroscopy
(XPS). The absorption spectra of the samples were measured
on a Shimadzu UV-2500 UV–visible spectrophotometer. The
PL spectra were measured using a Shimadzu RF-5301PC
spectrofluorophotometer. The magnetic properties were
analyzed using the MPMS XL-7 Magnetic Property
Measurement System.

3. Results and discussion

Figure 1 shows the XRD patterns of pure ZnO and
nitrogen-implanted samples. Only a strong (002) diffraction
peak corresponding to the wurtzite structure is present for
all samples. No other impurity phases are detected by
XRD measurements. With the nitrogen doping increasing,
the peak intensity firstly decreases for 1 × 1016 ions cm−2

and then increases greatly with doping concentration further
increasing. The penetration depth of the x-ray for ZnO
is taken as 2 µm [22], which is much larger than the
nitrogen implantation depth (about 210 nm as determined
by TRIM96 [23] calculation). So, much of the XRD signal
comes from the unimplanted ZnO. The big change in XRD
means that nitrogen implantation has a large influence on
the unimplanted ZnO. One possible reason of this may
be that the energy of implanted ions is transferred to
the unimplanted ZnO layer. Yen et al [14] reported that
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Figure 2. N1s XPS of the 1 × 1018 ions cm−2 implanted sample.

nitrogen doping provided better crystal quality of ZnO films.
However, this is different from the reported results of Wang
et al [15]. Our results indicate that the structure depends on
the doping concentration. The samples are found to change
from conducting to insulating by nitrogen implantation. The
increase of resistivity by nitrogen doping was attributed to
the decrease of carrier concentration and mobility [15]. The
deep acceptor level of nitrogen dopants [21] may yield low
carrier concentration [16]. Besides, the nitrogen dopants were
supposed to create defects, which can capture part of the
itinerant electrons [8].

The nitrogen incorporation in ZnO is confirmed by
measuring the XPS. Figure 2 indicates the N1s XPS of 1 ×

1018 ions cm−2 implanted samples. The XPS was measured
after the sample was etched about 10 nm. According to the
reported results [16, 17], the nitrogen dopant in ZnO has
fairly complex chemical states. The N1s signals located at
406 eV [17] and 403–404 eV [16] were assigned to N2 on
the oxygen site. The peaks around 399 eV were assigned to
the overlap of the N–H and C–N components [16]. The peak
at about 398 eV was attributed to the signal of the N–Zn
bond [16, 17]. For our sample, the N1s signal has a broad
peak ranging from 404 to 394 eV, with a maximum intensity
at about 399 eV. Based on the XPS data, the calculated ratio
of N/(N + O + Zn) is about 12.1%, which is similar to that
obtained from TRIM96 (11.8%). The nitrogen implantation
depth obtained from TRIM96 calculation is about 210 nm.
No transition metal impurity (such as Fe, Co and Ni) can be
detected in the implanted sample or the pure sample.

Figure 3 illustrates the room temperature PL spectra.
As the penetration depth of 325 nm light for ZnO is about
60–120 nm [24], the PL signal of the nitrogen-implanted
sample is completely from the nitrogen-implanted layer. As
indicated in figure 3, the PL of pure ZnO has two emission
bands. There are a weak ultraviolet (UV) emission band and
a strong broad green emission band around 373 nm (3.32 eV)
and 540 nm (2.30 eV), respectively. The UV band is usually
attributed to the near band edge free excitation emission [18].
However, the 3.31 eV emission peak is regarded as related
to basal-plane stacking faults [19]. The green emission band
is related to defects (such as zinc vacancy [14] and oxygen
vacancy [20]). For all three nitrogen-implanted samples, both
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Figure 3. Room temperature PL spectra. The excitation wavelength
is 325 nm.

of the UV and green emission bands disappear regardless of
whether the XRD diffraction peak is weakened or enhanced.
The nitrogen dopant related emission [15] is also not observed
in our samples. It was supposed that the nitrogen dopant
in the interstitial sites might suppress the luminescence [8].
Wang et al also reported that nitrogen dopant in ZnO can
greatly reduce the intensity of PL [15]. The recent calculation
indicated that nitrogen is a deep acceptor in ZnO with an
acceptor level of 1.3 eV [21]. The deep nature of the N
acceptor is clearly inconsistent with PL peaks that occur
within a few 0.1 eV of the band gap [21].

Annealing and Ar+ etching were utilized to understand
the origin of PL. The Ar+ etching was performed in a vacuum
chamber with a base pressure of 1.4 × 10−3 Pa. The working
pressure was about 1.0 × 10−2 Pa. Using sputter yield
obtained from TRIM96, the etching rate was estimated to be
about 0.17 Å s−1. The sample was kept at room temperature
during etching. It is found that annealing in air at various
temperatures has no effect on the PL and conductivity of
nitrogen-implanted samples. But both the PL and electrical
conductivity of the pure sample are quenched by annealing
in air at 300 ◦C for 1 h. Figure 3 shows that the PL intensity
of pure ZnO increases greatly after 1 keV Ar+ etching. There
is a blue-shift of about 36 nm for the green emission band.
The intensity of PL is enhanced when the etching time is
increased from 5 to 10 min. Compared to the original pure
ZnO single-crystal sample, the UV emission of the Ar+

etched sample for 10 min increases about 99 times. The green
emission signal increases about 4.5 times. Furthermore, there
appears a new emission band located at about 405 nm, which
was attributed to the zinc vacancy [25]. This suggests that
structure defects can be introduced by Ar+ etching. As a
result, the structure defects can be controlled by adjusting the
etching condition (such as the etching atmosphere, energy
of Ar+ and base pressure). For example, besides the UV and
green luminescence, a new emission peak around 415 nm
is obtained after the pure sample is etched in a higher base
pressure and energy of 1 × 10−7 Pa and 2 keV (this figure
is not shown here). Compared to that etched in pure Ar
atmosphere, figure 3 indicates that the emission band around
405 nm is not present after the sample is etched in a mixture
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Figure 4. Electrical conductivity and the UV emission intensity as
a function of etching time.

atmosphere of nitrogen and argon (the gas flowing ratio of
nitrogen to argon is about 3 : 1). Since the UV emission
is increased greatly by Ar+ etching, it is likely from the
stacking faults [19]. This giant enhancement of UV intensity
induced by Ar+ etching is useful for optoelectronics. As
the 405 nm emission band is not present in the mixture
etching atmosphere, the introduction of nitrogen in
the etching process can reduce the zinc vacancy. The Ar+

etching has no effect on the PL and electrical conductivity of
nitrogen-implanted samples.

Figure 4 shows the electrical conductivity and the UV
emission intensity of pure ZnO as a function of Ar+ etching
time. The resistivity is decreased from 0.9 × 106 to 0.62 ×

103 � cm by Ar+ etching for 10 min. It was indicated that
the blue light emission of Ar+ irradiated SrTiO3 is highly
correlated to conductivity [26]. Yu et al [27] also reported
that the intensity of PL of the ZnO film is proportional to
the conductivity. As indicated in figure 4, the PL intensity
and conductivity have a similar dependence on the etching
time. Thus we think that the UV emission of ZnO is
also correlated to the conductivity. The conductivity has
a close relationship to structure defects [26]. The absence of
luminescence by nitrogen implantation and annealing should
have partly resulted from the insulating character.

Figure 5 shows the absorption spectra for the pure
sample and nitrogen-implanted samples. For all three
nitrogen-implanted samples, there is an evident enhanced
absorption in the region from 400 to 500 nm. This
enhancement in the absorption may be due to the
impurity-induced states in the band gap [28]. Futsuhara
et al [29] also observed a red-shift of the optical band gap
Eg for the N-doped ZnO, which was assigned to the decrease
in ionicity caused by the formation of Zn–N bonds.

The room temperature hysteresis was measured
for the Ar+ etched, 1 × 1016 and 1 × 1018 ions cm−2

implanted samples, respectively. The hysteresis at 77 K was
measured for the 1 × 1018 ions cm−2 implanted sample. Only
diamagnetism is detected for these samples. Figure 6 shows
the room temperature hysteresis for the 1 × 1018 ions cm−2

implanted sample. If the magnetism can be regarded as carrier
mediated [5, 9, 10, 12], the absence of ferromagnetism in the
nitrogen-doped samples may be partly due to the insulating
character. It was also reported that nitrogen incorporation into
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Figure 5. Absorption spectra of the pure sample and
nitrogen-implanted sample.
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Figure 6. Room temperature hysteresis of the 1 × 1018 ions cm−2

implanted sample.

carbon-doped ZnO leads to a decrease of electron density,
leading to the weakening of ferromagnetic interaction [9].
On the other hand, the spin polarization of N 2p electrons
results from the strong interaction between O 2p and N 2p
electrons [12]. If the nitrogen is a deep acceptor impurity
in ZnO [21], there should be no significant overlap of N 2p
and O 2p states, suggesting that there is no strong interaction
between them to induce spin polarization of N 2p states
in ZnO.

4. Conclusion

In summary, the influence of nitrogen implantation on
microstructure, optical properties and magnetism is studied.
It is found that nitrogen implantation or annealing in
an air atmosphere can suppress the PL and electrical
conductivity of ZnO. There is an enhanced absorption in the
region from 400 to 500 nm for nitrogen-implanted samples.
No ferromagnetism can be obtained in nitrogen-implanted
samples from 77 to 300 K. An interesting result is that UV
emission of the pure ZnO sample can be greatly increased by
etching the sample using Ar+ in a vacuum. The UV emission

is likely correlated to the structure defects. The absence of
ferromagnetism in nitrogen-implanted ZnO can be interpreted
by taking the nitrogen impurity as a deep acceptor in ZnO.
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