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A B S T R A C T

The intrinsic defects in ZnO:In-N films can be regulated efficiently by multiple-step annealing together with the
ambient atmosphere. Correspondingly, the conductivity of films changes from n to p-type, then to n-type (n →
p → n). The experimental results indicate high-quality films annealed at 600 °C for 8 min in N2 ambience can be
obtained by the analysis of X-ray diffraction (XRD) patterns and the concentrations of donor defects (Zni, VO) are
dramatically decreased from Raman and photoluminescence (PL) spectra. When the films are further annealed in
air for 3 min, the concentrations of acceptors such as oxygen interstitials (Oi) are increased slightly. Meanwhile,
N-related acceptor complexes in the films are dominantly activated in terms of relative X-ray photoelectron
spectroscopy (XPS) peak area ratio of P1 (395.5 eV) and P2 (397.3 eV) to P3 (403.5 eV), which plays an important
role in realizing the conversion of the ZnO p-type conductivity. Noted that the p-type ZnO:In-N films with the
hole concentration of 1017 cm−3 can be obtained in this way.

1. Introduction

The direct semiconductor material ZnO with a wide bandgap of
3.37 eV has received extensively research attention due to the abun-
dance of properties and functionalities over 20 years [1]. Compared
with the GaN, ZnO has a larger free exciton binding energy (60 meV)
and better optical response in the deep ultraviolet region that ensures it
to be a promising candidate in the field of optoelectronics, such as ul-
traviolet light-emitting diodes (LEDs), ultraviolet (UV) detectors, photo-
electrochemical sensor and solar cell [2–7].

As-grown ZnO frequently exhibits high levels of unintentional n-
type conductivity with an electron concentration of the order 1017

cm−3 due to certain native point defects (Zni, VO) that form sponta-
neously [8,9]. And the isolated Zni (double donor) can be created under
nonequilibrium conditions such as irradiation, incorporating additional
atoms or defects [10,11]. Even more important is that the formation
energies of these defects (Zni, VO) in the p-type ZnO (2.07, 0.73 eV) are
lower than that of n-type one (5.45, 4.11 eV) [12,13], and their for-
mation energies decrease rapidly with the Fermi level toward the

valence-band maximum (VBM) [10]. Therefore, how to suppress in-
trinsic donor defects has become a hot issue in p-type doping of ZnO.
Zni is theoretically expected to have an activation energy for self-dif-
fusion of only 0.25 ~ 0.75 eV in good agreement with recent experi-
mental data from low-temperature irradiation experiments [14,15],
indicating that the concentrations of Zni can be tuned by post-annealing
temperature. Moreover, the incorporation of isovalent atoms, like Cd
[16], Mg [17], and Te [18], can influence the formation of the Zni re-
lated donors. Although the experimental investigations show that VO

can be suppressed significantly under O-rich condition [19–21], for N
ion implantation into as-grown ZnO, a number of oxygen vacancies are
so desirable due to the larger electronegativity (3.50) of the oxygen
atom than the nitrogen atom (3.04) that the interstitial N (Ni) atoms
energetically prefer to occupy oxygen vacancies to form NO acceptors
through post-annealing [22,23]. Generally, one main reason for un-
stable p-type conductivity of ZnO presumably may be the susceptibility
of the acceptor complexes to environmental conditions. Obviously, the
post-annealing in one step is difficult to achieve expectations that the
forming acceptor complexes perform at the best [5,24]. Similar to in-
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situ annealing, an innovative method of multiple-step rapid thermal
annealing (RTA) was proposed. Here, the annealing parameters (such as
temperature, time and atmosphere) are constantly adjusted by analysis
of XRD and Hall measurements.

In this paper, the ZnO:In-N thin films were obtained by radio fre-
quency magnetron sputtering and ion implantation. We deeply in-
vestigated the effect of multiple-step annealing on structure, optical and
electrical properties of ZnO:In-N thin films by XRD, PL, Raman and XPS
spectra, and better explained the p-type formation mechanism of ZnO
films.

2. Experimental details

The ZnO:In-N films were prepared on quartz substrates by RF
magnetron sputtering and multiple nitrogen ion implantations. The
quartz substrates were ultrasonically cleaned with ethyl alcohol,
acetone and deionized water in sequence for 10 min, and then trans-
ferred to the sputtering chamber immediately after drying with N2. A
commercial ZnO ceramic target with an indium content of 0.5 wt% was
selected to the sputtering target. The sputtering chamber was evacuated
to a base pressure of 5 × 10-4 Pa and argon (99.999%) was used as the
sputtering gas with a constant pressure of 2 Pa. Moreover, the opti-
mized parameters of gas flow rate, sputtering power and deposition
time were 120 sccm, 120 W, and 45 min, respectively, based on our
previous researches [17,24]. To create an approximately uniform pro-
file of the implanted N ions within a certain depth (seen in Fig. S1), the
as-deposited indium doped ZnO samples were subjected to N ions im-
plantation with the energies of 130 keV (dose of 2 × 1016 cm−2),
80 keV (dose of 8 × 1016 cm−2), and 30 keV (dose of 2 × 1016 cm−2),
respectively. Finally, the ZnO:In-N films were annealed in a tube fur-
nace. The multiple-step annealing included the first-stage annealing in a
high-purity N2 atmosphere at 600 °C for 8 min and several annealing
stages (in air at 600 °C for 3 min). The following several annealing
stages depend on the test results, which makes it possible to study the
effect of “process scanning” annealing on the defects in ZnO:In-N films.

The thickness of the ZnO:In-N films measured by AMBIOS XP-1
surface profile was about 450 nm. The electrical properties were tested
by the Hall Effect measurement (Ecopia HMS-3000) at room tempera-
ture, where eutectic Ga-In alloy (ΦIn/Ga = 4.12 eV) was used as elec-
trode to ensure good ohmic contact with the surface of ZnO:In-N
(ΦZnO = 4.3 eV) films (seen in Fig. S2). The crystal structure was
characterized by XRD with Cu Kα1 as the emission source
(λ = 1.540598 Å). Raman scattering and photoluminescence mea-
surements were carried out in a test system (HR-800, JY Labram) using
a semiconductor laser (λ= 532 nm) and a He-Cd laser (λ= 325 nm) as
excitation sources respectively. The chemical state of nitrogen in
ZnO:In-N films was detected by XPS and the binding energy was cali-
brated by the C1s peak at 285 eV.

3. Results and discussion

Fig. 1 shows the electrical properties of ZnO:In-N films annealed at
different stages (T1 ~ T3). Firstly, the films annealed at 600 °C for 8 min
in N2 ambience (T1) present a good n-type conductivity, corresponding
electron concentration and resistivity are 2.13 × 1018 cm−3 and
4.03 Ω•cm, respectively. Subsequently, the films are annealed in air for
3 min (T2), the conductivity changes into p-type. As the films are sub-
jected to periodic repetition of the second stage annealing, the films still
show p-type conductivity. The electrical properties of some samples
with the same thermal treatment are listed in Table 1. Its corresponding
hole concentration ranges from 1.45 × 1016 to 3.02 × 1017 cm−3. In
addition, the conversion from p to n-type conductivity happens with
longer annealing time such as t ≥ 20 min (T3).

Fig. 2(a) illustrates the XRD patterns of ZnO:In-N films annealed at
different stages as well as the as-implanted one. The samples have a c-
axis preferred orientation because of the single (0 0 2) diffraction peak.

The diffraction peak of the films annealed at 600 °C in high purity N2

ambience (II) is obviously higher than that of as-implanted (T0), in-
dicating the crystal structure has been improved greatly. Fig. 2(b)
shows the local amplification of the (0 0 2) peak. One can see that the
(0 0 2) peak of ZnO:In-N films compared to as-grown ZnO:In film
(34.46°) shifts firstly to a lower angle then to the higher one with se-
quential annealing. Based on the biaxial strain model [25], the stress σ
parallel to the films surface is calculated [see Fig. 2(c)]. The negative,
positive values represent compressive and tensile stress in the film,
respectively. For as-implanted ZnO:In-N film, the stress σ is is calcu-
lated to be −0.67 GPa, meaning strong compressive stress induced by
abundant N interstitials (Ni). As the film is annealed at T1 stage, the
generation of tensile stress (1.53 GPa) are mainly attributed to the es-
caping of amounts of N2 interstitial (N2)i from Ni clustering under
coulomb repulsion and N substitutions on vacancies. With the an-
nealing time further increasing by 3 min in air (T2), a slight decrease in

Fig. 1. (Color online) Electrical properties of ZnO:In-N films annealed at dif-
ferent stages.

Table 1
The electrical properties of p-type ZnO:In-N films.

Samples Hole
concentration(cm−3)

Mobility(cm2V-1s−1) Resistivity
(Ω•cm)

Type

A 1.54 × 1017 0.84 48.27 p
B 1.45 × 1016 2.65 162.4 p
C 2.06 × 1017 1.82 16.65 p
D 3.02 × 1017 0.59 34.90 p

Fig. 2. (Color online) (a) XRD pattern of ZnO:In-N films annealed at different
stages, (b)the shift of (0 0 2) diffraction peak with annealing time, (c) the
variation of stress in ZnO:In-N films.
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tensile stress indicates that most of the oxygen vacancies may be oc-
cupied by Ni and ambient oxygen, which is consistent with the better p-
type conductivity analysis given above. Noted that tensile stress up to
2.01 GPa means some nitrogen or oxygen atoms displace from lattice
sites at T3 stage.

Fig. 3(a) shows the Raman spectra of ZnO:In-N films annealed at
different stages. The Raman spectra of the films contain six vibrational
modes at 100, 275, 445, 505, 576 and 638 cm−1 in the range of
80–700 cm−1. The vibrational modes occur at 100 and 445 cm−1 at-
tribute to the low frequency and high frequency vibration of E2 mode in
ZnO, respectively, indicating the ZnO:In-N films have a wurtzite
structure. The Raman mode at 576 cm−1 is usually associated with
intrinsic defects (Zni, VO) or their complexes in ZnO [26–27], while
three additional modes at 275 (P1), 505 (P2) and 638 cm−1 (P3) are
induced by the N ions implantation [28]. Noted that the mode at
275 cm−1 was confirmed to be the vibration of small Zni clusters ac-
cording to the comparative analysis of Zn isotope [29], indicating the
implanted N ions can induce a certain amount of Zni in ZnO:In-N films.

To further understand the effects of multiple-step annealing on in-
trinsic defects (Zni, VO), IP1/IE2 (low) and IA1(LO)/IE2(low) are used to re-
present the normalized intensity of the 275 and 576 cm−1 modes, as
shown in Fig. 3(b). In contrast with as-implanted samples, the IP1/IE2
(low) of the films annealed for 8 min in high purity N2 ambience (T1)
decreases from 4.7 to 4.2, indicating some Zni clusters may be dis-
sociated and a few Zni diffuse out of the surface [30]. The same trend in
IA1(LO)/IE2(low) indicates that the concentration of oxygen vacancies may
decrease significantly due to the substitution of Ni for VO. As the an-
nealing time is extended for another 3 min in air (T2), both IP1/IE2 (low)

and IA1(LO)/IE2(low) decrease to some extent, which is in favor of the
conversion of p-type conductivity in ZnO films. Noted that a certain
amount of Zni or/and VO still remain in the ZnO:In-N films by several
annealing cycles (T3) from the analysis of Raman spectra.

Photoluminescence is a quite sensitive measurement to investigate
the evolution of intrinsic defects during the thermal treatment. As
shown in Fig. 4, the PL spectra of the films are mainly composed of the
near band edge emission (P1) and the broad visible emission region. The
broad emission can be divided into five peaks at about 450, 520, 558,
592 and 633 nm by Gaussian fitting. The blue emission peak P2 at
430 ~ 450 nm is usually considered to an electron transition from Zni to
valance band maximum in the ZnO [31–33]. The yellow-green emission
usually is attributed to the recombination of deep defects state located
inside the band gap. The emission ranging at 500 ~ 590 nm presumably
results from a transition of an electron from near conduction band edge
to a deeply trapped hole in VO

+ or VO
2+ of the ZnO [34–35]. So far,

many research groups have agreed that the emissions are closely related

to the VO [36–39]. In addition, the Oi or adsorbed oxygen is identified
as responsible for the emission of 633 nm [40–41].

Fig. 4(b-d) shows the relative integral area ratio of the emission
peaks (P2, P3, P4 and P5) to NBE. It can be clearly seen the relative ratios
of the P2, P3 and P4 constantly decreased during the thermal treatment,
indicating the gradual decrease of the concentration of Zni and VO.
Especially, the films further annealed in air maintain donor defects (Zni,
VO) at low concentrations. It can be explained as follows: As the ZnO
polycrystalline films prepared by magnetron sputtering are annealed at
T1 stage, the amounts of Zni induced by the implanted N ions can dif-
fuse to the surface of grain boundaries (GBs). Subsequently, the films
are further annealed at 600 °C for 3 min in air (T2), ambient oxygen
diffuses easily along GBs and interacts with Zni adjacent to the surface
of GBs, accompanied by the formation of a thin high-resistance layer on
the surface of GBs [42,43]. Meanwhile, excess amounts of oxygen can
occupy VO or interstitial sites. All these may contribute to the conver-
sion of p-type conductivity of ZnO:In-N films.

To further understand the role of N impurity in formation me-
chanism of p-type ZnO:In–N films, the investigation into the chemical
bonding state of N is necessary by XPS. The peak at 403.5 eV (P3) arises
from the N-N bond because Ni has the tendency of clustering in ZnO

Fig. 3. (Color online) (a) Raman spectra of ZnO:In-N film with annealing time, (b) the ratio of the relative intensity of P1 to E2 (low)

Fig. 4. (Color online) (a) PL spectra of ZnO:In-N film with annealing time, (b-d)
the variation of the relative intensity of intrinsic defects (Zni, VO, and Oi).
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under coulomb repulsion [44]. The broad spectral peaks ranging from
394.1 to 398.3 eV can be disassembled into two peaks centered at
395.5 eV (P1) and 397.3 eV (P2) by Gaussian fitting. The binding energy
at 396.5 eV is definitely assigned to the formation of N–Zn bond [45].
According to the electronegativity sequence ( < <χ χ χZn In N), the rela-
tions of bonding energy in ZnO:In-N films as follows:

< <E E E(Zn - N) (In - N) (N - N)b bb . Therefore, the P2 more likely ori-
ginates from Zn-N bond where part of Zn atoms were replaced by In
atoms [24]. To compare the relative intensity of N-related defects in
ZnO:In-N films annealed at different stages, the integral area percen-
tages of the three components for N 1 s XPS are presented in Fig. 5(e). It
is clear that the integral area percentages of P1 and P2 are dominant in
the case of the films annealed at T2 stage, which indicates the abundant
N ions can occupy VO to form NO acceptors during the thermal treat-
ment. Correspondingly, the content of intrinsic donor defects (Zni, VO)
is less, but that of acceptor defects (Oi) in the films is more. Accord-
ingly, the complexes of NO and intrinsic acceptor defects are responsible
for the p-type conductivity. Once the films are annealed at T3 stage, the
intensity sum of P1 and P2 decrease slightly due to the displacement of
N atoms from their lattice sites, causing that the p-type conductivity of
ZnO:In-N films convert into n-type again.

4. Conclusions

The ZnO:In-N films on quartz substrates by RF magnetron sputtering
and multiple nitrogen ions implantation were fabricated. And the im-
pact of multiple-step annealing on the physical properties of the films
has been deeply investigated. The XRD results show that the crystal
structure damaged by ions implantation can be greatly recovered by
annealing at 600 °C, and the corresponding stress changes gradually
from large compressive stress into slight tensile stress. The Hall Effect
measurements imply that the conductivity of the ZnO:In-N thin films by
multiple-step annealing together with the ambient atmosphere presents
the characteristics of n → p → n. During annealing in air (T2), the
amounts of Zni defects are reduced and a few Oi are created from the
Raman and PL spectra. Noted that the N-related acceptors dominantly
activated and a number of Oi defects formed collectively contribute to
p-type conductivity of the ZnO:In-N thin films. However, as the an-
nealing time increases too much (20 min), the films behave as n-type
conductivity again due to the diminishing of the acceptor defects.
Moreover, the experimental results verify that the reliable p-type ZnO
films can be realized repeatedly by our proposed procedure.
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