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TOPICAL REVIEW — ZnO-related materials and devices

The p-type ZnO thin films obtained by a reversed substitution doping
method of thermal oxidation of Zn;N, precursors™
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P-type ZnO is crucial for the realization of ZnO-based homojunction ultraviolet optoelectronic devices. The problem
associated with the preparation of stable p-type ZnO with high hole density still hinders device applications. In this paper,
we introduce an alternative route to stabilizing N in the oxidation process, the thermal stability of p-ZnO is significantly
improved. Finally, we discuss the limitations of the alternative doping method and provide some prospective outlook of the

method.
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1. Introduction

With the success of nitride optoelectronics, wide band gap
semiconductors have received a great deal of attention due to
their various applications. ZnO is a direct wide band gap semi-
conductor with a large energy gap of 3.37 eV, i.e., in the near-
ultraviolet (VU) wavelength region, and a large free exciton

[1.2] The huge bind energy of the

binding energy of 60 meV.
free exciton makes ZnO a promising candidate for the real-
ization of UV emitters based on excitonic emission processes
at or above room temperature. >~ Furthermore, as with GaN,
ZnO also crystallizes into a hexagonal structure. Due to the
close lattice matching of each other, the heterojunction be-
tween ZnO and GaN has already become an interesting topic
in short wavelength semiconductor diodes.1-13]

ZnO, as a multifunctional semiconductor material, has
been known of for more than half a century.[!®!7 The re-
cent renaissance of ZnO studies can be retrospected to the
mid 1990s and was triggered by the excitonic stimulated
emission at high temperature from ZnO single crystal lay-
ers, which is contributed by the improvement of the epitax-

e.[*>181 With the introduction of plasma source or

ial techniqu
laser plume into the film deposition process, the oxygen reac-
tants can be activated and then oxygen vacancies can be suffi-
ciently suppressed, resulting in the formation of stoichiomet-

19-211 This, in turn, has

ric ZnO with high structure quality.!
resulted in an aspiring revival of using ZnO as an optoelec-
tronic material to fabricate short wavelength UV light emit-
ting diodes or lasers.!?>->>! Since then, many researchers, mo-
tivated by the prospect of using ZnO as a complementary or

alternative material to GaN in optoelectronics, have focused

DOI: 10.1088/1674-1056/26/11/117101

on the study of ZnO. So far, ZnO is still one of the research
highlights in semiconductor material science, which is wit-
nessed by the numerous conferences, workshops, and sym-
posia and by a huge number of ZnO-related papers published
every year. The yearly published papers about ZnO-, GaN-,
and ZnSe-related materials in the period of 1980-2015 are
shown in Fig. 1. The early research on ZnO can be traced
back to the 1930s. The revival occurred in the year 2000, and
there have been more than 7000 ZnO-related papers published
since 2010.
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Fig. 1. (color online) Yearly published wide band gap ZnO-, GaN-, and
ZnSe-related papers in the period from 1980 to 2015 (from databases of
the science web).

Over the past two decades, with tremendous efforts, sig-
nificant progress has been achieved in ZnO study. The larger
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bind energy (60 meV) of free exciton is an apparent advan-
tage of ZnO over other wide band gap semiconductors, like
GaN (26 meV) and ZnSe (20 meV). Utilizing its high op-
tical gain and exciton effect, several kinds of lasers have
been realized with ZnO, such as random lasers,[7:8-26-311 ex_
citon lasers,[?2736] exciton-polariton lasers,*’-*"! and whis-

5.140-42] Thege results have enriched

pering gallery mode laser
the concepts of semiconductor lasers. It is also worth not-
ing that various novel devices of ZnO-based nanomaterials
with distinctive characteristics have been fabricated recently
by utilizing the coupled piezoelectric, semiconducting, and
excitonic properties.!*>** Another big advantage of ZnO is
the commercial availability of larger single crystal. By em-
ploying the hydrothermal method, ZnO single crystal wafers
with sizes up to 3 inches in diameter have been available,
which provides an ideal platform to realize homoepitaxy of
ZnO thin films on native substrates. This can further im-
prove the structural quality of ZnO films with a reduced num-
ber of native defects and, consequently, lead to better per-

5.145.40] Fyrthermore, ZnO is

formances of ZnO-based device
amenable to the wet chemical etching, which is particularly
important for the device design and fabrication for large scale
production. 7! As with GaN-based material system to tune the
band gap by alloying with AIN and InN, “34 band gap engi-
neering can also be realized in ZnO-based material systems,
covering the UV and the whole region of the visible spectrum,
by alloying with BeO (Eg = 10.6 eV), MgO (E; = 7.8 €V),
or CdO (E, = 2.4 eV).5954 Enlarging the band gap is usu-
ally achieved by increasing the Mg/Zn ratio in Zn,Mg;_,O
alloys and the gap is reduced by alloying with CdO. With
the improvement of the growth procedure, we have realized
Zn0/Zn,Mg;_, O multiple quantum well with high structural
quality, in which intersubband absorption in the mid-infrared
region has been observed for the first time.>>! This will open
up possibilities for applications in the infrared spectral re-
gion for ZnO, i.e., optoelectronic devices using intersubband
transitions. Because of the large longitudinal optical (LO)-
phonon energies of 72 meV, it is possible to develop terahertz
QC lasers at high temperature by using ZnO-based quantum
structures.’® Very recently, BeO was also incorporated into
the ZnO-based alloys to form a quaternary alloy. Interestingly,
it has been found that a “perfect crystal” can be formed by
controlling the Be/Mg ratio in Zn;_,_,Mg,Be,O quaternary
alloy, and overcome the problem of phase separation, caused
by high Mg concentration in Zn,Mg; _,O ternary alloy.’’! As
indicated by the dotted line in Fig. 2, by adjusting the Be/Mg
ratio, the lattice constant of Zn;_,_,Mg,Be,O can match that
of ZnO. Moreover, the energy band gap can be tuned in a much
larger range. This can improve the heterostructure quality and
increase the flexibility in device design.
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Fig. 2. (color online) Energy band gap versus lattice constants for BeO,
ZnO, and MgO. The dotted line indicates that tunability of energy gap
of alloys that are lattice-matched to ZnO.

Despite such an attractive potential, the problem asso-
ciated with the preparation of stable p-type ZnO with high
hole density hinders the ZnO-based device application as UV-
emitters. So far, substantial studies have focused on this chal-
lenging task, and already there have been many reports on the
realization of p-type conductivity, and the LEDs of ZnO p/n

n.[>%-731 However, the reproducibility and stabil-

homojunctio
ity of p-type ZnO with high hole density still represent unre-
solved problems.

In this paper, we introduce the method of preparing p-
ZnO by oxidizing the Zn3N;, which was initially proposed and

(741 and report its development. With

reported by our group,
thermal oxidation treatment, Zn3N, precursor turns into p-
type ZnO. The residual N atoms serve as acceptors in ZnO.
The major advantage is that the Zn—N bonds have already
formed before the doping process and resolved the problem
of the low solubility of N-acceptor in ZnO. The P-type ZnO
with high carrier density has been obtained by optimizing the
oxidation processes. Recently, we carried out the oxidizing
procedure on Zn3N»:Al and obtained p-type materials.!”>) We
found that the thermal stability of p-ZnO has been significantly
improved by introducing Al into the Zn3 N, precursor. Further-
more, the intermediate ternary alloy of ZnON has a tunable
band gap in a range of 1.1-3.3 eV. Following the same logic,
GaON alloy with a tunable band gap of 2-5 eV has also been
realized.!”®!

2. ZnO and its p-type doping

For emitters (including LEDs and lasers) with good per-
formance, a ZnO-based p/n homojunction is desired, which is
crucial to realizing the efficient carrier injection. This means
that both high-quality n-type and p-type materials are required.
However, ZnO shows the strong limitation of asymmetric dop-
ing. How to overcome this limitation is vital to eventually
pushing forward practical device applications. We first briefly
present the defects and the p-doping achievements in ZnO.
Then we will review the method of oxidizing Zn3 Ny to realize
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p-type ZnO:N: its past, present, and future, its advantage, as
well as its limitations.

2.1. Undoped ZnO and its defects

In wide band gap semiconductors, asymmetric doping
occurs frequently, i.e., the n-type or p-type is easy to dope,
while the opposite type is hardly achievable.””! The uninten-
tionally doped ZnO shows naturally the n-type conductivity
and the n-type conduction with high electron density (up to
102! cm™3) have been achieved by doping group-III (Al, Ga,
and In) or group-VII elements, which has been widely used
as a transparent conducting oxide electrode in solar cells to re-
place the expensive indium tin oxide.”®-8!1 On the other hand,
although extensive studies have focused on the p-type dop-
ing of ZnO, ZnO-based optoelectronic devices still encounter
the p-type ZnO problems. It has been known that the effect
of strong self-compensation is the main reason for holding
back the realization of p-type ZnO. Usually, the compensa-
tion effects in wide band gap semiconductors are related to
its native point defects.!8?! Therefore, the understanding of the
properties of native defects and the mechanism of their forma-
tion is the key to realizing p-type conductivity in ZnO. The
defects in ZnO have been studied for a long time.!®3! How-
ever, it is still in debate about their properties.!33-83 In ZnO,
the native point defects include zinc interstitials (Zn;), oxy-
gen interstitials (O;), oxygen vacancies (Vg), zinc vacancies
(Vzn), and Zng or Oz, antisites. Among these native point
defects, Vo, Zn;, and Zng are the donor-like defects; Vyz,,
Oj, and Oz, are the acceptor-like defects.[®¢! The concentra-
tion of native defects in a semiconductor is dependent on its
formation energy, which can be described with the following
formula: ¢ = Ngjiesexp(—E! /kgT), where Ny and ET are the
concentration of sites in the crystal where a defect can occur
and the formation energy of the point defects, respectively. 7]
Most theoretical calculations have pointed out that the ZnO is
of n-type under both Zn-rich and O-rich conditions and can-
not be doped into p-type ZnO via native defects (Vz,, Oj, and
Oz,).13% Under zinc rich condition, the native defects of Vo,
Zn;, and Zng are abundant due to the low formation enthalpy.
Under an oxygen-rich condition, Vz,, and O; can be formed
(Oz, is omitted because of its high formation energy). How-
ever, they are compensated for by the defects of Vg, Zn;, and
Zng, each of which also has a low formation energy under the
O-rich condition. With the introduction of acceptor dopants
into crystal, the Fermi energy level will shift toward the va-
lence band edge and results in the further decrease of forma-
tion energy for the donor-like native defects. The compen-
sation effect is further enhanced and eliminates the efficient
doping ultimately.!®8] Therefore, the suppression of native de-
fect formation is essential to the realization of p-type doping
in ZnO. It has been reported that single crystal ZnO thin films

with electron concentration as low as ng ~ 10'® cm~3 and mo-
bility as high as 440 cm?/V-s have been achieved on a lattice
matched substrate, which is necessary for reliable doping. 3!
The origin of n-type conductivity in undoped ZnO is so
far still controversial. For a long time, it has been postulated
that the unintentional n-type conductivity in ZnO is caused by
the presence of native defects of Vg, and Zn;.[°*?!l However,
experimental results of optically detected electron paramag-
netic resonance measurements on ZnO crystals have demon-
strated that these native defects have no contribution to the
origin of n-type conductivity in undoped ZnO.°?) Both ex-
perimental results®3! and theoretical calculations/®”! identi-
fied that Vg is the electron-hole radiative recombination cen-
ter as the source of the green luminescence in ZnO. It has been
shown that the Vg is a deep donor and cannot contribute to n-

(941 In addition, based on the first-principle

type conductivity.
calculation results, it has been pointed out that the other donor-
like native defects, such as Zn; and Zng, have high formation
energies and neither of them is stable in n-type ZnO.* Al-
ternatively, another opinion suggested that the origin of n-type
conductivity is associated with hydrogen or carbon inside the
Zn0.1391 Both H; (interstitial H) and Ho (H substitutes O)
act as shallow donors in ZnO. Eliminating the effects of hy-
drogen, which encroaches in the procedure of ZnO material
preparation, device fabrication, and even in the device perfor-

mance, are big challenges in the future.

2.2. P-doping in ZnO

So far, there have been many reports about ZnO p-type
doping prepared by the various thin film growth techniques.
Several groups have reported the electroluminescence (EL) of

158-731 However, the de-

ZnO-based p/n homojunction LEDs.
vice performance is far from final applications. In order to
realize p-type doping in ZnO, a variety of acceptors have been
employed. For acceptors, one could choose and substitute Zn
or O with atoms which have one less electron in the outer shell
than the atom which they replace. Following this rule, the
group I elements, %9791 including Li, Na, K, Cu, and Ag,
and the group V elements, including N, P, As, and Sb, have
been selected as acceptors by occupying the Zn site or O site,
respectively.[100-102]

Since so many elements among groups I and V can be se-
lected, consequently, a question arises: which one is a good
choice as an acceptor dopant in ZnO? From the statistics on
the p-type doping in ZnO, it is known that more than half of
the reports are about doping with N dopant. Actually, due to
the fact that the ionic radius of N is close to that of O, as well
as the success of p-type doping in wide band gap II-VI se-
lenides with N dopant,!!'%3! N, provided with N,, NH3, N,O,
and NO gas sources, is a natural choice to be an acceptor in
ZnO. The p-ZnO:N has been realized by employing a vari-
ety of techniques, such as MBE, MOCVD, PLD, laser-MBE,
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and sputtering.[4-68.101,104-107] Severa] groups have fabricated

ZnO-based p/n homojunction and realized ultraviolet (UV) EL
at room temperature,[22’25’45’108] which further confirmed that
the results of p-type ZnO is amenable and ZnO-based emitters
have a promising future. Due to the larger exciton binding en-
ergy (60 meV), highly efficient emission is expected for the
ZnO-based UV emitters. However, at present, to the best of
our knowledge, the output power of ZnO light emission diode
is extremely low. The main reason is that the low hole con-
centration leads to a small number of carriers injected into the
p/n junction. The x-ray photoelectron spectroscopy and sec-
ondary ion mass spectroscopy measurements showed that the
N dopant can be doped up to a range of 10'°-10?! cm=3.174]
One possible reason is that the self- compensation effect re-
sults in a huge difference between N dopant concentration and
hole concentration in ZnO. Suppressing the formation of na-
tive defects in the p-type doping is still a challenge. For in-
trinsic ZnO, single crystal epitaxial layers with stoichiome-
try have been obtained. However, the growth window for the
2-dimensional (2-D) layer-by-layer growth mode of ZnO is
narrow. For example, in situ reflection high-energy electron
diffraction (RHEED) used to monitor the growing surface in
MBE growth demonstrated that the streaky pattern degraded
immediately with the introduction of N gas source, indicat-
ing a change of growth mode from two-dimensional (2D) to

1091 Ag a result, some additional de-

three-dimensional (3D).!
fects have been formed in ZnO. Another possible reason is
that the N dopant is not a good acceptor in ZnO. Contrary to
what was initially proposed, first-principle calculations based
on the hybrid Hartree—Fock density functionals suggested that
Nis actually a deep acceptor, which is further confirmed by ex-

[110.111] Many researchers were bewildered

perimental results.
by the conflicting experimental results and theoretical expecta-
tions. In response to the controversial experimental and calcu-
lated results, Liu et al. suggested that No—Vz, complexes, as
a good acceptor, can lead to p-type ZnO.!!!?! They further fig-
ured out how to realize the No—Vz, complexes as well as how
to avoid the self-compensation effects with controllable pro-
cesses in epitaxial growth and thermal annealing. Reynolds
et al. recently demonstrated that p-type ZnO with sufficiently
high hole density (~ 10'® cm™3) has been achieved by intro-
ducing a shallow acceptor complex Vz,—-No—H with an ion-

131 However, so far, the lack of

ization energy of 130 meV.!
follow-up reports and the demonstration of good performance
devices based on p—n junctions imply that there may be serious
problems with reliability, reproducibility, and stability.

For the other V elements, P, As, and Sb dopants, be-
cause their large ionic size mismatches to O, an acceptor
with larger ionization energy has been predicted by the the-
oretical calculation.!!!*) It has been found that P and As in-

115

troduced deep acceptor states in ZnSe.!!'>] Experimentally,

however, several groups have realized p-type ZnO via dop-

ing P, As, and Sb. The hole density reaches up to ~ 10'8 or
10" cm™3 with low resistivity and high mobility.[100-116-118]
The ionization energies of these acceptors are much less than
what was expected from theoretical calculations using density
functional theory (DFT).!'"! Using P, As, and Sb as p-type
dopants, the p/n homojunction diodes have been fabricated.
These devices exhibited current injection UV light emission
in the p/n junction region.!”-19%:1201 Furthermore, Ryu et al.
also observed the current injection stimulated emission from
ZnO p/n junction.!"?! In order to explain the controversial
issues between experimental results and DFT theoretical cal-
culations based on the first principle calculations, a new type
of acceptor, namely complexes consisting of V elements oc-
cupying Zn lattice sites and two nearby Zn vacancies was
proposed.[!'2114] Recently, Liang et al. identified via syn-
chrotron radiation study that the complex defects of acceptors,
comprised of substitution Sb ions at Zn sites (Sbz,) and Zn
vacancies within the Sb-doped ZnO lattice, lead to the p-type
conductivity.['>? However, Janotti er al. pointed out that a
large binding energy is required to stabilize these complexes
under the equilibrium condition and questioned whether this
kind of defect is responsible for p-type conductivity./1%3!
Groups Ia (Li, Na, K) and Ib (Cu, Ag, Au) have also
been selected for p-type doping in ZnO.[60:72.73.98,99,124-128]
The DFT calculation suggested that Li, Na, and K impurities
give rise to shallower acceptor levels than the group V impuri-
ties, especially P, As, and Sb. 91 There are some reports on the
p-type ZnO:Li. However, its hole density is limited to the level
of 101°-10'® cm™3. The efforts to increase the hole density
by introducing more Li atoms into ZnO finally result in semi-
insulating ZnO. This is due to the fact that the doped Li atoms
play a double role of either a donor or an acceptor in ZnO.
The donor behavior arises when Li occurs as an interstitial im-
purity; the acceptor behavior is exhibited when Li substitutes
for a Zn site. Because of the small atomic size, it is favor-
able for a Li atom to occupy the interstitial position and form
a donor. This causes the Fermi level to be between the donor
and acceptor levels, i.e., near the midgap. For the Na element
doping in ZnO, it is also expected that Na plays an amphoteric
role, i.e., an acceptor when substituting for Zn and a donor
when occupying interstitial sites. For the K element doping,
due to its larger atomic size, it is expected that the amount
of interstitial K is suppressed and a p-type ZnO:K has been
achieved with the introduction of the K dopant.!'2-1301 1t has
been pointed out that the group Ib elements also play roles as
acceptors in Zn0.[%1241 A p-type ZnO has been realized with
Ag doping.[®®! The Cu and Au may act as deep acceptors in
ZnO. It has been demonstrated that Cu in ZnO is connected to

31 In order to increase the hole den-

the green luminescence. !
sity, some groups used the double-acceptor co-doping method,

that is, Li-N or Ag—N double-acceptor doping, to realize the
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p-type ZnO.!731231 However, there is no sufficient increase in
hole density with this method.

3. Thermal oxidation of Zn3;N, to fabricate p-
type ZnO:N

With tremendous efforts, as mentioned above, great de-
velopment has been achieved in the preparation of p-type ZnO.
However, it is still a big challenge to obtain p-type ZnO with
high hole concentration via conventional carrier doping pro-
cedure. This is because acceptors with high formation energy,
such as N, replace the host O anion in ZnO, which results in
the low solubility of dopants. Additionally, the N dopants, are
not stable due to the weak chemical bond of Zn-N (dissoci-
ation energy AHpogg = 160 kJ/mol) as compared with that of
Zn—O (Hpyog = 284 kJ/mol).['3%133] This is the main reason
for p-ZnO to be converted back into n-type with time. How
to increase the N solubility and stability is pivotal to achieving
the p-type ZnO:N with high hole density. In order to overcome
the crucial problem concerning the low solubility of N accep-
tors in ZnO, we figured out an alternative way to fabricate the
p-type ZnO:N by thermally oxidizing Zn3N,. We named it a
reversed substitution doping (RSD) method to emphasize the
difference from the conventional doping, namely the chemical
doping (CD) method.

Zn;N,

ZnO:N

3.1. Zn3N; transforming into p-ZnO:N with O replacing
N

Figure 3 is the schematic drawing of basic transformation
to realize p-ZnO:N from Zn3N, precursor (left side) and from
the conventional doping method (right side). The difference is
apparent between the two processes, i.e., the RSD and the CD
processes. Usually in the CD process, the N dopant and the
O are loaded simultaneously into the chamber during the ZnO
thin film deposition. Just as indicated in Fig. 3 (right side),
the N dopant will compete with O and occupy the O crystallo-
graphic site. Because the electronegativity of oxygen (3.50) is
larger than that of nitrogen (3.04), the chemical activity of O
is higher than that of N, and Zn preferentially combines with
O rather than N. As a result, it is difficult for N to be incor-
porated into ZnO film, even though N is activated by plasma
in the conventional doping procedure. On the other hand, the
thermal oxidation of the Zn3N, method can solve this prob-
lem, where the low solubility of the N acceptor in ZnO can
be solved. As indicated in Fig. 3, the difference between the
RSD and CD methods is apparent. Not like in the CD method,
where the N replaces O, in the RSD process it is O atoms that
replace N atoms. Since the chemical activity of O atoms is
higher than that of N atoms, the replacement of N with O is
easier to realize with optimizing the oxidation procedure. The
residual N atoms in the film will serve as acceptors in ZnO.

Zn0O

oxidizing chemical doping
= iy |
—_— 1 — ‘@
O replace N » \ Nreplace O
P \( (1) high formation
A energy
(111) ON OZn @0 (2)low solubility (0001)

Fig. 3. (color online) Schematic diagram of the p-type ZnO:N fabricated by oxidizing the Zn3N, precursor and the conventional chemical
doping methods. Left side: Zn3N, change into p-ZnO:N with oxidizing procedure, in which the N atoms are replaced by O atoms. Right side:
the conventional way to fabricate p-ZnO:N with N occupying O lattice sites.

3.2. Development of RSD method

In this subsection, we first introduce a series of our ini-
tial results,74134-136] followed by the summary of the main
achievements by other groups, who also performed the oxi-
dation of Zn3N, to form p-ZnO:N. Next, we present our re-
cent results about p-ZnO prepared by thermal oxidation of
Zn3Ny:Al.  We found that the thermal stability of p-type
ZnO has been improved by introducing an Al element into
ZH3N2.[75]

3.2.1. p-type ZnO:N with high hole density fabrication
by RSD method

Based on the proposed RSD method, experiments for

the synthesis of p-ZnO:N with the oxidation of Zn3N, thin

films were first carried out at the beginning of 2002. After

that, we carefully confirmed the conduction type and then re-
ported the initial experiments for p-type ZnO:N in 2003.[74]
The Zn3N, thin films are deposited on the fused silica sub-
strates at a low temperature of 140 °C with the plasma en-
hanced chemical vapor deposition (PECVD) system, in which,
Diethylzinc (DEZ), NH3, and high-purity H, were loaded as
the zinc source, N source, and carrier gas, respectively, for
depositing the Zn3N; thin films. After the deposition, ther-
mal oxidation was carried out in an oxygen ambient at differ-
ent annealing temperatures from 300 to 800 °C for 1 h. The
x-ray diffraction (XRD) results demonstrated that the conver-
sion from Zn3N; with a cubic antibixbyite structure to ZnO
with hexagonal wurtzite structure occurred at an annealing
temperature of 300 °C in the oxygen ambient. The Zn3N;
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transformed into ZnO entirely when the as-grown film was
annealed at 500 °C in an O, atmosphere for 1 h. The ob-
tained ZnO thin film possessed a polycrystalline hexagonal
wurtzite structure without preferred orientation. With increas-
ing annealing temperature, the intensities of the main peaks in-
creased, and the full width at half-maximum narrowed, which
indicates the improvement of structural and crystal quality.
Note that the structural properties of ZnO are not only closely
dependent on the annealing processes but also related to the
Zn3 Ny itself, which has been confirmed with the following re-
ports on ZnO:N obtained by the RSD method. As shown in
Fig. 4. a preferred (002)-oriented ZnO with a narrow linewidth
has been obtained.!'*”] There are actually some tricks in con-
trolling the structural properties. In the as-grown samples, a
small amount of O was introduced into the Zn3zN, to form
ZnON alloy. Then by optimizing the annealing process, the
structural quality and orientation can be controlled. We also
observed the similar results in the samples prepared by radio
frequency reactive magnetron sputtering and plasma-assisted

metal-organic chemical vapor deposition. [13413>]

Intensity

2

§7

=1

g

=
i /\ FWHM =0.28 600 °C
C FWHM = 0.34 500 °C
LA FWHM =0.27 as-grown

L 1 L 1 L 1
30 40 50 60
20/()

Fig. 4. (color online) XRD curves for the as-grown and annealed samples at
different temperatures in oxygen ambient. The annealing temperatures and the
linewidths are given and indicated next to their corresponding scan curve. The
inset (color online) shows the magnified view of the area around the diffrac-
tion peak from the as-grown sample. The peak (located at 34.19°) appears
between the ZnO(002) (34.42°) and Zn3N,(222) (31.70°) peaks, indicating
the formation of Zn-N-O ternary alloy./'37)

After demonstrating that ZnO thin films can be syn-
thetized from thermal oxidation of Zn3N, precursor, we stud-
ied the electrical properties of the annealed samples, includ-
ing resistivity, Hall coefficient, carrier density and mobility,
by a Van der Pauw four-point probe Hall system. The four
contacts with Au—Cr metals as electrodes were Ohmic, which
were confirmed with the linear dependence of /-V character-
istics. The as-grown and annealed samples at 300 and 400 °C
are of n-type with the decrease of carrier density from 10

to 10'2 ecm™3. On the contrary, for the samples annealed

at 600 and 700 °C, respectively, the Hall coefficient was in-
verted from negative to positive, indicating a hole-dominant
transport. The carrier densities of holes are 1.2 x 10'* and
4.16 x 10'7 cm—3, respectively. However, with further increas-
ing the annealing temperature up to 800 °C, the Hall coeffi-
cient reversed back to negative, which means that ZnO became
n-type again. The dependence of carrier types and densities
on the annealing temperatures can be understood from the fol-
lowing explanations. With the increase of annealing tempera-
ture in an oxygen ambience, the oxygen atoms intrude into the
Zn3N» and replace N atoms to form ZnO. Then the residual N
atoms become the dopants in ZnO. Furthermore, the thermal
annealing processes can also activate the N-acceptors in ZnO,
accompanied by reducing the density of donor-like defects due
to the improvement of structural quality. Hence, the density
of electrons will decrease with increasing annealing tempera-
ture. Finally, the density of acceptors will be dominant, and
the ZnO is inverted from n-type to p-type. With a further in-
crease of the annealing temperature (800 °C), the residual N
atoms will be further replaced by the oxygen atoms, leading to
reconversion of p-type ZnO back to n-type. We also fabricated
a ZnO:N/n-Si junction by thermally oxidizing the Zn3N,/n-
Si heterostructure.*3 In a range of 500-700 °C, all of the
junctions show rectifying /-V characteristics, suggesting that
a p-ZnO:N/n-Si hetero-junction has been formed. So far, the
problem of p-ZnO stability of electronic properties with N as
a dopant also holds back the device application. With the con-
ventional CD method, even if the p-type ZnO is obtained, over
time, the conduction type will convert into n-type.''38 The ac-
ceptors of N dopants can escape from ZnO due to the weak
chemical bond between the N and Zn. We also evaluated the
stability of our p-ZnO:N obtained from oxidation of Zn3N,
precursor. As shown in Fig. 5, the conduction type and mobil-

ity of carriers do not change with time. 6]
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Fig. 5. (color online) Dependence of electronic properties of p-ZnO, obtained
from oxidation of Zn3Nj precursor, on the time at room temperature. The
hole concentration and the mobility keep almost constant with time. ['3]
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After confirming the p-type ZnO:N with Van der Pauw
method, we used x-ray photoelectron spectroscopy (XPS)
to evaluate the N concentrations in ZnO obtained from the
oxidation of Zn3Nj precursor. Shown in Fig. 6 is a typi-
cal XPS spectrum of N 1s, centered at 398.33 eV, which
corresponds to the N-Zn bond.”#! The outline of the spec-
trum is asymmetric and there is a shoulder (~ 400 eV) on
the high energy side. This shoulder corresponds to the N-H
bond. For the Zn3N, deposition, we use ammonia and hy-
drogen as the N source and the carrier gas, respectively. A
large amount of hydrogen was incorporated into the Zn3Nj.
With the increase of annealing temperature, most of the hy-
drogen atoms were removed, which had been previously
reported by our group.['*”] The N concentration is much
higher. N concentrations are calculated by using the formula,
Cn = (Sn/asfx)/(Sn/asfn + So/asfo + Szn/asfz,) x 1073,
where S is the integral intensity of the peak for N, Zn, and O
elements, and asf is the atomic scattering factor. The N con-
centrations in the films annealed at 600, 700, and 800 °C are
6.87 x 1021, 6.78 x 10%!, and 5.48 x 10*' cm—3, respectively.
With the increase of annealing temperature, the N concen-
tration decreases, accompanied by the increase of O concen-
tration. These results were further confirmed by the XPS
analysis on the ZnO:N samples obtained by thermally oxidiz-
ing the Zn3 N> thin films deposited by radio frequency reactive
magnetron sputtering.!'3*] We used the Gaussian curve fitting
to fit the peak associated with Ols and N1s bonds of the XPS
spectra for the samples annealed at various temperatures. The
results are summarized in Fig. 7. The results show that the
integral intensity of Ols peaks due to Zn—O bonds increases
with the increase of annealing temperature. The integral in-
tensity of N1s peaks due to Zn—N bonds, however, decreases
monotonically with the increase of the annealing temperature

N 1s (398.33 eV)

Intensity

N L JJ\MM’

390 395 400 405 410
Binding energy/eV

Fig. 6. A typical N 1s spectrum of XPS analysis for ZnO:N prepared by
thermal oxidizing Zn3N; precursor at 600 °C in an oxygen ambience
for 1 hour.[4]

up to 800 °C. When the sample is annealed above 800 °C, N1s
intensity is beyond the instrumental limits. These results indi-
cate that the N concentration in ZnO can be controlled by the
annealing process. The N dopant concentration increases up
to 10! cm—3. This doping level, to the best of our knowledge,
is much higher (two orders) than those with conventional dop-
ing methods. This demonstrated that the RSD method made a
breakthrough in realizing the high N concentration doping in
ZnO.
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Fig. 7. (color online) Variations of the integral intensities of N 1s and
O 1s peaks in XPS spectra with annealing temperature. [!34]

The photoluminescence (PL) spectra also suggested the
formation of N dopants as acceptors in ZnO prepared by ox-
idizing the Zn3N; precursor. Figure 8 shows the PL spectra
for ZnO:N and intrinsic ZnO thin films prepared by oxidizing
the Zn3N, precursor and PECVD, respectively. Shown on the
left side are the room temperature PL spectra of p-ZnO:N and
undoped ZnO samples. Strong UV band emissions with weak
deep level emissions are observed in both samples. However,
the differences between their UV bands are apparent. For the
undoped one, the linewidth is narrower with a value of 90 meV,
while it is 120 meV for p-ZnO. Additionally, a shoulder on the
low energy side is shown around 3.2 eV in the p-ZnO sam-
ple. The UV band in undoped ZnO originates from the re-
combination of free excitons. This conclusion is supported
by the temperature dependent PL spectra. The inset shows
the temperature dependence of the integrated PL intensity in
a range of 80 to 580 K. Theoretical simulation (see the cap-
tion of Fig. 8) identifies that the activation energy, AE, of the
thermal quenching process is 61.9 meV, which is in agreement
with the exciton binding energy of 60 meV in bulk ZnO crys-
tal. Thus, the UV band of undoped ZnO is from free exciton
recombination. For the p-ZnO:N, the temperature dependent
PL spectra demonstrate that the UV band is from the overlap
between the free exciton and bound exciton. Shown on the
right side of Fig. 8 are the low temperature (80 K) PL spec-
tra of ZnO samples prepared at different annealing tempera-
tures. For the p-ZnO annealed at 700 °C, the UV band was
resolved as five separate peaks at 3.368, 3.312, 3.239, 3.170,
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and 3.100 eV. By judging the peak positions, the emission line
at 3.368 eV (P;) is from free exciton emission because it is
in excellent agreement with 3.369 eV from A-exciton recom-
bination in the ZnO bulk crystal.['3°! The P, emission line at
3.312 eV is the emission line of the exciton bound to the ac-
ceptor in ZnO, accompanied by 1 LO, 2 LO, and 3 LO replicas

| PL@300K 3.295eV

I (Top) p-ZnO annealed

| at 700 °C
- FWHM = 120 meV

<— 32eV

I~ (Bottom) undoped ZnO
L FWHM =90 meV

PL intensity/a.u.
| %

4 8 12
(1000/T) /K1

‘w
‘m

Intensity/arb. units

ANNNA ) 1
22 24 26 28 30 32 34
Photo energy/eV

at 3.239, 3.170, and 3.100 eV due to their energy differences,
which are consistent with LO-phonon energy of 72 +4 meV.
Comparing with the undoped sample, a P, line appears in N-
doped p-ZnO. With the increase of annealing temperature, the
P> peak nearly disappears. Thus, the P, line at the 3.312 line
is the exciton emission bound to the neutral Np-acceptor.

: (a) p-ZnO annealed P, ‘pl

at 700 °C

- PL@SOK

. " (b) ZnO annealed
Z b at1000°C
2z
il '
R
’J -
~
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Photo energy/eV

Fig. 8. (color online) Photoluminescence spectra (PL) of ZnO. Left side shows the room temperature PL spectra of the p-type ZnO
annealed at 700 °C and undoped ZnO. The inset displays integrated PL intensity dependent on the temperature for the intrinsic
ZnO. The squares denote experimental data points. The dotted line represents theoretical fitting by using the equation /(1) = Iy 1+
Aexp(—AE /kgT)]. Right side shows the low temperature (80 K) PL spectra of ZnO annealed at (a) 700 °C, and (b) 1000 °C, and (c)

undoped ZnO.
Table 1. Selected results reported on p-type ZnO prepared by the RSD methods.

Author Technique Source Substrate R/Q-cm Density/cm 3 Year Ref.
LiuZ W Sputtering Zn, Ny quartz 81 8.12x10'° 2007 127
Allenic A PLD Zn3N,, O, AL O3 28 4.9x10"7 2007 128
Nakano Y sputtering Zn, N, quartz ? ~1x10"7 2006 129
Jiang N K sputtering Zn, N Si, Glass ~ 1072 ~ 108~ 10" 2012 130
ZouCW sputtering Zn, Ny Glass 52 8.39x10'° 2009 131

Rakhshani A E sputtering Zn, Ny Borosilicate glass ? 5.5x10" 2014 132
Erdogan PFCVAD Zn, N Glass 44.5 2.8x10"7 2013 133
Jiang N K sputtering Zn, N Glass 1.59 7.64x1018 2013 134
Kaminska E sputtering Zn, N Al, O3, quartz 1.18 6.6x10'7 2005 135

Wang C Sputtering Zn, N quartz, 220 5.78x 1017 2003 136

JinY P Sputtering Zn, N quartz, 6.33 8.82x10!7 2016 137

LiBS PECVD DEZ, NH; fused silica 150.05 4.16x10"7 2003 63
Xiao Z Y PECVD DEZ, NH; Si, quartz 1600 2.7x10'6 2008 123
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The main advantage of the RSD method is the apparent
raising of N acceptor solubility in ZnO , which overcomes the
bottleneck of the low solubility of N acceptors in ZnO. Thus,
this method has been used widely for preparing the p-type
ZnO. Based on this method, p-type ZnO:N films with high
carrier density have already been achieved. Some results of
p-type ZnO prepared by RSD are selected and summarized in
Table 1.[74:136,140-1501 A¢ geen from Column 5, high-level car-
rier densities of holes are achieved. Note that the variations
of electrical properties are in a wide range, such as resistiv-
ity (1072 ~ 1600 Q-cm) and hole density (10! ~ 10! cm~3).
This is attributed to the complicated process of transforma-
tion from Zn3N; to ZnO; it involves several aspects, such as
the phase transition, the break of Zn—N bond, the formation
of Zn—O bonds, and the activation of the residual N atoms
as acceptors, in the transformation process from Zn3N, pre-
cursors to ZnO:N films. Each aspect can be affected by the
annealing temperature, thermal oxidation time, the annealing
method, characteristic of the Zn3N, precursor, as well as the
types of substrates.

3.2.2. Improvement of thermal stability of p-ZnO with
the introduction Al into Zn3;N, precursor

The exploitation of ZnO-based devices requires a lot of
processing steps that involve postgrowth annealing cycles at
various stages. For example, to make a waveguide structure,
the top cladding layer, ZnMgO or ZnMgBeO clad layer, was
grown on the top of the ZnO p/n junction, which needs a high
temperature. On the other hand, lots of thermal energy will
be generated during the device performance, thereby result-
ing in the increase of device temperature. Therefore, the im-
provement of thermal stability of p-ZnO is crucial for the ZnO
device application. In the thermal oxidation process, the an-
nealing temperature plays an important role in the exchange
between N and O atoms in the transformation from Zn3N; to
p-type ZnO. The optimized temperature is in a range of 450—
600 °C, at which ZnO shows the highest hole density. How-
ever, at higher temperature, p-type ZnO reverses back to n-
type. The main reason is that the weak chemical bond between
the N and Zn:N can be easily replaced by an O element. Thus,
it is necessary to improve the thermal stability and to increase
the N solubility for achieving stable p-type ZnO. Theoretical
calculation suggested that “co-doping” or “cluster doping” of
(Ga, N) or (Be, N) can be a better approach to doping the ZnO
into p-type ZnO.!!31=153] The calculations suggest that cluster
doping can reduce the ionized energy of an acceptor and suffi-
ciently increase the dopant solubility due to the low formation
enthalpy. The stability of bonded N in ZnO can also be en-
hanced due to the modified local bonding environment around

the dopant.
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Fig. 9. (color online) Variations of the carrier concentration with an-
nealing temperature for different conduction types of ZnO thin films.
The ZnO samples are prepared by oxidizing the Zn3zN;:Al thin films.
The squares represent n-type ZnO and the circles denote p-type ZnO.

In fact, the “co-doping” method of III-V Ga and N was
once recognized as an effective method to prepare p-type
Zn0.1>4 However, the difficulty in controlling the distribu-
tions of Ga and N as well as the negative effect of isolated Ga
atoms in ZnO resulted in the low reproducibility and preclude
its finial practical application. Most calculations and experi-
ments focus on the Ga—N co-doping. We choose and use Al,
instead of Ga, due to the fact that the corresponding bonds
with N and O are stronger for Al than those for Ga. Thus,
the stability and doping concentration of N in ZnO will be
further strengthened and increased. The bond dissociation en-
ergy, AHpog, of AI-N is 297 kJ -mol~1, which is much larger
than that of the Zn—-N (AHpog = 160 kJ-mol~!), even larger
than Zn—O (AHpog = 284 kJ-mol~1).1133] This indicates that
Al can stabilize the doped N in ZnO, if the AI-N is formed.
However, the Al itself is a donor-type defect in ZnO. If only
a Zn atom is replaced by an Al atom, opposite effect occurs.
The Al donors will provide electrons and compensate for the
p-type doping. Thus, when using Al to stabilize N in p-type
ZnO, the key issues are (i) to reduce the compensation of Al
due to the formation of only AI-O bonds; and (ii) to make sure
that Al captures more than one N atoms to form AIN2, AIN3,
and/or AIN4 in ZnO. In order to avoid having Al atoms act-
ing as donors and to make sure that each Al atom is bonded
with more than one N atom, we first prepared Al doped Zn3N,
films and then oxidized the films to form ZnO. Ideally, in Al-
doped Zn3N,, when an Al atom replaces a Zn atom, each Al
is completely bonded with 4 N atoms. Since the Al-N bonds
are sufficiently strong, they can survive in the transformation
of the structure from Zn3Nj:Al to ZnO during the annealing
procedure. The residual N atoms stabilized by Al atom in the
newly formed ZnO film may act as acceptors. Figure 9 shows

the results of Hall effect measurements for ZnO thin films ob-
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tained from oxidizing the Zn3N,:Al thin films. For samples
obtained from oxidizing Zn3N:Al thin films, they have n-type
conductivity at lower annealing temperatures (below 600 °C).
The electron concentration decreases with the increase of an-
nealing temperature. The conduction type changes to p-type in
the films annealed at 600 °C. The hole density increases in the
sample annealed at higher temperature and reaches a maximal
value of 1.5 x 10'® cm™3 in the sample annealed at 800 °C.
The carrier density decreases when the annealing temperature
is over 800 °C, but still keeps p-type conductivity till an an-
nealing temperature of 900 °C. In the previous section we dis-
cussed that p-type ZnO can be obtained by thermally oxidizing
the Zn3N;. However, p-type conduction is only obtained in the
samples annealed at low temperature. The films convert back
to n-type at higher annealing temperature. For Zn3N, mate-
rial, due to small bond dissociation energy, the chemical bond
of Zn—N is easy to break and N atoms are replaced by O atoms
even at low annealing temperature. For Zn3N;:Al material, a
possible explanation is that the Al atoms will stabilize the N
atoms, because of the strong AlI-N chemical bonds, during the
transformation from nitride precursor, to form ZnO:(Al, Ny,
x=2,3,or4). This is also the reason that the thermal stability
is enhanced, compared with previously discussed p-type ZnO
obtained from Zn3N; oxidation processes. Although the hole
density is still low and further improvement is needed for prac-
tical device applications, these results have demonstrated that
the properties of ZnO are closely related to the introduction of
Al atoms into Zn3N,:Al. In order to improve the properties
of p-type ZnO, we are now optimizing the concentration of
Al dopant in Zn3Nj;:Al, the procedure of thin film deposition
and annealing processes to further increase the hole density.
Finally, the properties of dopant N in ZnO should be given
more discussion. Based on calculated results, the dopant, N,
plays a complex role in ZnO, which is closely dependent on
the doping procedure. A deep acceptor, No, may be formed in
Zn-/O-rich condition.!"-"1] However, gradually it has been
recognized that a shallow acceptor of Ng-complexes can be re-
alized in a special condition.!! %131 Tn the RSD method, an N-
rich ambience can be created and resulting acceptor with small
ionization energy will be formed in ZnO. A cluster doping also
provides an alternative route to realizing p-ZnQ.!1>1-153]

3.2.3. Limitations of thermal oxidation of Zn;N, pre-
cursor to p-ZnO:N

The main breakthrough of the RSD method is to resolve

the low solubility of the N acceptors in ZnO. However, sev-

eral disadvantages of this method are also apparent. First of

all, this method of thermal oxidization; phase transformation

occurs in the oxidizing process. The Zn3zN, has a cubic an-

tibixbyite structure (CAS) with a space group Oy, and a lattice

constant of a = 9.7691 A.'331 For ZnO0, it possesses a hexag-
onal wurtzite-type structure (HWS) with the Cg, symmetry.
The lattice constants are a = 3.25 A and ¢ = 5.2 A; with a ra-
tio of ¢/a ~ 1.60 close to the ideal value for hexagonal cell
(¢/a = 1.633). In both structures, the zinc ions are surrounded
tetrahedrally by four anions. In the thermal annealing process,
the oxygen atoms were adsorbed and diffuse into the Zn3;N,
matrix via interstitial sites and were bonded to Zn, leading
to structural phase changing from CAS to HWS. There were
lots of defects, such as vacancies, interstitials, in the films dur-
ing the transformation from CAS Zn3N; to HWS ZnO. Usu-
ally, these kinds of defects could not be completely eliminated
by annealing treatment. The ZnO p/n homojunction diode, in
which p-ZnO is made by the RSD method, showed the wide
EL spectrum, coving a range of 360-660 nm. This indicated
that lots of defects exist in this ZnO p/n junction. The behav-
ior of p-ZnO with light illumination also indicated that a high
density of local states existed in ZnO prepared by oxidation
of Zn3N,.[136] Additionally, as in most group II-VI materials,
the bonding in ZnO is largely ionic (Zn?>T—0?~) with the cor-
responding radii of 0.074 nm for Zn>* and 0.140 nm for 0%~
respectively, leading to the generation of defects in the perfor-
mance of ZnO-based devices. The main advantage of the RSD
method is that the Zn—N bond is already formed in advance be-
fore synthesis of ZnO. However, the processes of O replacing
N, accompanied by phase transformation in the thermal oxi-
dizing, brought about substantial defects in ZnO. How to im-
prove the structural quality of ZnO thin film but still with hold-
ing high N incroporation becomes a crucial issue in the RSD
method, which needs figuring out. In ZnO and ZnSe materi-
als, the hole densities have been increased by modulating the
growth temperature or the delta doping methods.!?%!3¢! For
the ZnO material, the narrow window of epitaxial 2D growth
also holds back the effective doping of acceptors. To avoid
the growth degradation due to the introduction of acceptor
dopants, a two zone growth method, i.e. alternate growth of
intrinsic ZnO layer and N-doped layer, can be performed in the
epitaxial growth. Note that the N-doped layer has a thickness
of sub-monolayer, realized by controlling the surface reaction
in the growth. If aluminum is also introduced into the sur-
face reaction, several types of acceptors, like AIN2, AIN3, and
AIN4 clusters, can be created on the ZnO surface with proper
crystal orientation. The hole densities in ZnO are associated
with the thickness of intrinsic ZnO layers and 2D areal densi-
ties of N or AIN, (x = 2, 3, or 4) clusters. Furthermore, with
the introduction of aluminum, the covalence of the chemical
bond in the ZnO matrix is enhanced, which can suppress the
formation of defects in the device running. In our experimen-

tal results, it has been found that the stabilities of electronic
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and optical properties can be improved by introducing Al and

N elements into ZnO.

3.3. Band gap engineering by controlling the O/N ratio in
N-O based compounds

The band gap is an intrinsic characteristic of semicon-
ductors and plays a central role in modern device physics &
technology: it governs the operation of semiconductor de-
vices. Generally, a tunable band gap is highly desirable be-
cause it would allow great flexibility in designing and optimiz-
ing the devices. One has successfully tuned the band gap and
[48-54,57,157

extended the range of their applications. | Initially,

the RSD method was proposed to realize the p-type doping
of ZnO. It has been demonstrated that it can sufficiently raise
the solubility of the N acceptors in ZnO. However, looking at
Fig. 3, the dominant efforts focused on the two extreme points
of Zn3N, and ZnO, as well as the annealing processes for the
transformation from Zn3N, to ZnO. The intermediate material
of Zn—N-O ternary alloys has almost been ignored. Very re-
cently, it has been identified that the Zn—N—O material system
has promising potential applications,!3®! in addition to amor-
phous InGaZnO,!"™°! in the thin film transistors. But so far,
the optical properties of the Zn—N—-O alloys have not attracted

much attention yet.
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Fig. 10. (color online) Optical band gaps of N-O based compounds calculated from transmittance spectra with characteristic function,
(0thv)? o< hy — Eg. Left: ZnNO ternary alloys with band gap tuning from 1.35 to 3.3 eV (AE = 1.95 eV); right: GaON alloy with

band gap tuning from 2.05 eV to 4.8 eV (AE =2.75eV).

It has been known that the band gaps of Zn3N, and ZnO
are around 1.06 eV and 3.37 eV, respectively.['% One pos-
sibility is that the band gap could be engineered in a range
of 1.06-3.37 eV by tuning the ratio of N/O in the Zn-N-O
ternary alloy. As shown in Fig. 10, on the left side are the re-
cent experimental results on the band gap engineering of the
Zn-N-O alloy prepared by megnetron sputtering technique.
We can tune the band gap from 1.35 eV (band gap of Zn3N»)
to 3.3 eV (ZnO). Note that the value of 1.35 eV is larger than
1.06 eV of the band gap of Zn3N, single crystal thin film pre-
pared by MBE. The slightly larger value in our sample is pos-
sibly attributed to the effect of residual oxygen in the chamber.
Like TiO; material, ZnO is also known to be a good photocata-
lyst, which shows relatively high resistance to the degradation
of several environmental contaminants under the irradiation
of ultraviolet (UV) light (A < 374 nm).!'61-163] However, low
efficiency for utilizing solar light hinders its final commercial-
ization. With reducing the band gap of ZnO by incorporat-
ing N, more sunlight will be harvested and the efficiency of
photocatalysis can be improved. The Ga;O3 is another versa-

tile functional material with chemical and physical stabilities,
which has been recognized as a promising candidate for so-
lar blind UV photodetector, power devices, and photocataly-
sis in solar water splitting.[164-196] With a two-step nitridation
method, we can introduce N into Ga;Oj3 to replace O. As a
result, as shown on the right side of Fig. 10, we realize the
band gap tuning from 4.8 eV to 2.05 eV. The huge spectral
span of AE = 2.75 eV is much larger than the expected value
of 1.4 eV (4.8 eV (Gy,0,)—3-4 eV(GaN)). The reasons for band
gap narrowing in N-alloyed Ga,Os are related to N2p—Ga3d
orbital repulsion and the formation of hexagonal phase. A de-

tailed discussion can be found in our recent report.[’®!

4. Conclusions and perspectives

With sustained efforts, the research on ZnO has achieved
significant progress. Several novel ZnO-based emitters have
been realized and enriched the concept of semiconductor
lasers. However, the aspiration to realize high performance
UV LEDs or UV lasers based on the ZnO p/n homojunction
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has not been realised yet, because of the lack of high quality
reproducible p-type ZnO. In this review paper, we introduce
the RSD method, i.e., the thermal oxidizing Zn3N, precur-
sors, to synthetize p-type ZnO, which resolves the low solu-
bility of N dopants and raises the N-acceptor concentration.
The hole density up to 10'® cm™3 has been achieved in p-
type ZnO prepared by the RSD method. The successes of
this method have given constructive implications for the car-
rier doping processes and band gap engineering in the semi-
conductor industry.['47! Furthermore, the RSD method offers a
path to overcoming the difficulty in anion-doping for not only
ZnO, but also other wide bandgap oxide semiconductors like
TiO,, SnOs,, etc.

The thermal stability of p-type ZnO:(ALN) has been im-
proved with the introduction of Al into Zn3Nj;:Al precursor.
In the thermal annealing process, the N could be stabilized
and excessive replacement by O atoms can be avoided. The
clusters of AIN, (x =2, 3, 4) as an acceptor in ZnO may be
formed. Work on optimizing the relationship between the Al
doping concentration in Zn3N, precursor and carrier density
of holes in p-ZnO is still in progress.

The band gap of an intermediate material, Zn-N-O
ternary alloy, has been investigated by optical transmittances.
We have tuned the band gap from 1.35 eV to 3.3 eV by con-
trolling O atoms in the Zn—N—-O material. We have also re-
alized the huge range of band gap engineering from 2.05 eV
to 4.8 eV in GaON with a two step nitridation method. The
achievements of large band gap tunability with the introduc-
tion of N into oxide semiconductors indicate that the metal—
N-O alloys have potential applications in photocatalysis for
harvesting more visible light, and also enhance the flexibility
of optoelectroic devices operating at selected wavelength in a

wide range.
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