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Abstract

CrossMark

A tough challenge for zinc oxide (ZnO) as the ultraviolet optoelectronics materials is realizing
the stable and reliable p-type conductivity. Self-compensation, coming from native donor-
type point defects, is a big obstacle. In this work, we introduce a dynamic N doping process
with molecular beam epitaxy, which is accomplished by a Zn, N-shutter periodic switch (a
certain time shift between them for independent optimization of surface conditions). During
the epitaxy, N adatoms are incorporated under the condition of (2 x 2) 4+ Zn vacancies
reconstruction on a Zn-polar surface, at which oxygen vacancies (Vp), the dominating
compensating donors, are suppressed. With the p-ZnO with sufficient holes surviving, N

concentration ~1 x 10" ¢m™3

, is employed in a p-i-n light emitting devices. Significant

ultraviolet emission of electroluminescence spectra without broad green band (related to V)
at room-temperature are demonstrated. The devices work incessantly without intentional

cooling for over 300h at a luminous intensity reduction of one order of magnitude under the
driving of a 10 mA continuous current, which are the demonstration for p-ZnO stability and

reliability.
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1. Introduction

Zinc oxide (Zn0O), due to its excellent optoelectronic prop-
erties, has extensive applications in many fields [1-4].
Especially as one of the most promising ultraviolet low
threshold lasing candidates has been extensively studied on
p-type doping [5-8], which is one of the most challenging
issues. Previously, among p-type dopants, the nitrogen (N) has
been proven as a very suitable acceptor [9—12]. Although a
few of the significant results have been achieved in the aspects
of p-n homojunction electroluminescence (EL) based on N
doping [11-14], the stability and reliability of such devices
have not yet reached expectations, which is attributed to the
low doping efficiency. Currently, two main negative facts are
generally invoked as responsible for low efficiency of p-type
doping: low-incorporation and self-compensation [15, 16].
The low-incorporation is mainly due to the smaller bound
energy of Zn—N compared to Zn—O [17, 18]. At present, there

1361-6463/18/225104+4$33.00

are many technical means to increase the amount of N incor-
porated from the perspectives of quantity and energy of N
bonding, such as low-temperature epitaxy, polarity control,
and isoelectronic impurity assisted [8, 19, 20]. On the other
hand, however, the self-compensation occurs during epitaxial
growth, which means the acceptors are compensated by native
point defects, resulting in not enough free holes to survive
[16]. Unfortunately, there is still no effective way to suppress
self-compensation. In order to solve this problem, we need to
re-focus on the process of epitaxial growth, which is the key
to the formation of impurities and defects. Specifically, during
the growth, epitaxial films are usually divided into surface and
interior parts [21]. The adatoms are always coated first to the
surface and become the interior of the film. At a given sub-
strate temperature, the inside of the film is equivalent to being
annealed and its atoms are in a thermodynamic equilibrium.
At the same time, the atoms on the surface undergo complex
thermodynamic non-equilibrium processes with each other,

© 2018 IOP Publishing Ltd  Printed in the UK
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which is also the part from which self-compensation takes
place. Therefore, the control of self-compensation can be real-
ized by adjusting the external surface process.

As we know, during certain polar epitaxial growth, spe-
cific native point defects can be formed on the surface layer,
which comes from the offset to the spontaneous polarization
breaking on the polar surface [22-25]. Under extreme oxygen-
rich conditions, Zn vacancies (Vz,), acceptor-type defects for
ZnO, tend to form on Zn-polar (0002) surface, while oxygen
vacancies (Vp), donor-type defects, are suppressed [25, 26].
Based on this, combined the processes of N doping and Vz,
formation on Zn-polar surface, the compensation from Vg
will be inhibited, as well as the introduction of V, assistance,
which is very beneficial for improving the efficiency of the
p-type doping.

We have recently reported on manipulation of Vz, in ZnO
via Zn-polar surface (2 x 2) reconstruction, during shutter
non-synchronous controlled molecular beam epitaxy (MBE)
growth, where Vg have been suppressed [26]. This method
is practicable for further p-type doping process. In this work,
based on the previous results, we introduced a dynamic
nitrogen-doped epitaxial growth scheme on Zn-polar surface,
which achieve the N incorporation with self-compensation
inhibition. Then, p-n homojunction light emitting devices have
been obtained successfully. Element profiles of homojunction
were obtained by secondary ion mass spectrometry (SIMS).
EL spectra of different drive currents were also obtained at
room-temperature. Subsequently, the luminous life of devices
has been tested.

2. Experimental details

Samples were grown in MBE system (DCA-P600) equipped
with oxford radio-frequency (RF) atom sources (HD25) with
ion removal control for active O and N, and solid-source effu-
sion cells for Zn and Mg. In order to enhance the proportion
of radiation in the intrinsic zone, an electron blocking layer,
N-doped MgZnO, was inserted between the p-type and the
intrinsic layer. The beam equivalent pressure ratio (BPR) of
[Mg]/[Zn] is about 1/100. The N, flow rate is about 2.5 sccm
with a RF power of 350 W. Other details of epitaxial growth
conditions can be seen from our previous work, including
uniform Zn-polar growth, high quality intrinsic and low
resistivity ZnO epitaxy [26-29]. Here it is necessary to be
specific about the doping process of N. As can been seen from
figure 1, a schematic diagram of a dynamic N doping scheme,
the N-shutter periodic switch has a certain degree of phase
shift relative to the Zn-shutter. When (2 x 2) + Vy, surface
reconstruction is achieved, logically, the Zn-shutter ‘ON’
corresponds to a virtual Vz, source shutter ‘OFF’, and vice
versa, red line in figure 1. In order to ensure that Zn and N
atoms have sufficient time to adsorb the entire surface while
allowing sufficient surface energy relaxation time to ensure
(2 x 2) surface reconstruction, 1-2 monolayers have been
grown per cycle. The ON/OFF time of shutters is determined
using reflection high-energy electron diffraction (RHEED)
intensity variations. Each peak of RHEED intensity represents

Shutter ON/OFF

1 ﬁeriod
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0 40 80 120 160 200
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Figure 1. Schematic drawing of Zn-, N-shutter switch action
during the dynamic N doping. Under (2 x 2) surface reconstruction
condition, the Zn-shutter ‘OFF’ corresponds to a virtual Vz,

source shutter ‘ON’. Inset: RHEED pattern shows the (2 x 2)
reconstructed ZnO surface during the whole N doping process.

the forming of a new monolayer [30]. In this work, turn-on/
off time of shutters all uses 20s, while the N-shutter has a
10s delay relative to Zn-shutter. In detail, a set of Zn, N, Vz,
shutter linkage is divided into four stages. Firstly, Zn beam
atoms have been taken the lead in arriving at the film sur-
face, where the ratio of O/Zn is slightly larger to ensure 2D
growth under the Zn-polar [31]. N beam atoms arriving in
sequence. N bonds with Zn occupy O sites (Np). Fermi level
tends to the valence band, and then the energy to form the
donor Vj is reduced. Taking into account the fact that the for-
mation of Vg needs a certain relaxation time, at this point, the
Zn-shutter closed to create an extreme oxygen-rich environ-
ment. Therefore, the Vp has been suppressed, while due to
the continuous arrival of N atoms, the probability of desorp-
tion of surface N atoms is reduced. Finally, the N-shutter has
also been closed, to avoid the polarity inversion caused by
excess N atoms (similar to Mg doping GaN) [32, 33]. The
streaky (2 x 2) RHEED pattern (figure 1 inset), an indication
of Zn-polar surface and Vy, formation, stays stable during the
whole N doping process, which further proves that Vg are sup-
pressed in the second and third stages.

3. Results and discussion

A p-i-n  (p-ZnO/N:MgZnO/i-ZnO/n-ZnO) structure was
grown for next-step device fabrication (figure 2 inset). In
order to accurately and intuitively give the depth distribution
of N, Mg in the sample, dopants profiles were measured by
SIMS, using cesium 133 (133Cs™) and O;‘ as the primary
ion beam (CAMECA IMS-7F). The elements (N, Mg) have
been calibrated by standard sample. As illustrated in figure 2,
the N:Mg 05Zng 95O layer is about 100nm, which serves to
block the electrons injected from the n-side and increasing
the emission ratio of the i-layer. There is a MgZnO sheet
(Mg concentration ~2 x 10! cm™3), which may come from
phase separation of MgZnO induced by atoms beam insta-
bility at the moment of the shutter just opening. The p-ZnO
layer is about 450nm with N concentration ~1 x 10" cm™3.
The conductivity of N doped ZnO films (single-layer films
grown under the same N doping conditions for Hall testing)
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Figure 2. Profiles of Mg, N as a function of depth into the substrate Wavelength (nm)

from the surface. The N concentration is ~1 x 10" cm™3 in p-type
ZnO layer. The Mg 9sZng 95O electron blocking is about 100 nm.
The inset shows the depict cross-sectional schematics for the p-i-n
(p-ZnO/N:MgZnO/i-ZnO/n-ZnO) structure.

has been measured by Hall with van der Pauw configuration at
room temperature. N doped ZnO films exhibit p-type conduc-
tivity, with a hole concentration of about 5 x 10'® cm~ and
a mobility of about 3cm? V~! s~!. The total N undoped layer
is ~800nm, including i-ZnO (~50nm), n-ZnO (~400nm) and
buffer layer (~350nm), which is determined by atoms beam
conditions. The n-type ZnO is achieved by slightly deviating
the Zn/O stoichiometry of the epitaxial process [28].

The preparation of the light emitting devices using a
standard photolithography process. Hydrochloric acid solu-
tion (1.5mol 17!, 25 °C) was used to etch the upper portion
of the film to reach the n-type ZnO layer. The n-side electrode
is Ti/Au, which is obtained by sputtering. While the p-side
electrode is Ni/Au that was prepared by thermal evapora-
tion. The device exhibits significant rectification characteris-
tics with a turn-on voltage of 3.7 V, as can be seen from the
inset of figure 3. There are two significant EL peaks at room-
temperature, located at 380 nm and 392 nm, which come from
the Iuminescence of MgZnO and i-ZnO layer, respectively.
The luminescence of the p-ZnO layer in the longer wave-
length band has not been observed [11, 13], indicating that
the MgZnO electron blocking layer was already functioning.
Both peaks showed an insignificant redshift with the increase
of driving current. Therefore, the heating effect is very weak,
which indicates that electrodes (p and n sides) have a very
small contact resistance and a higher crystalline quality of the
active layer. Especially, the broad green emission band (often
observed in ZnO-based light emitting devices [11, 13, 20],
around 550 nm, related to V) has not been observed.

The luminous lifetime of a single device has been tested,
which is a criterion for stability. The device worked at room-
temperature without intentional cooling system. The constant
drive current is 10 mA and keeps working, incessantly, during
the whole lifetime measurement. As illustrated in the figure 4,
more than 300 h of continuous work, the luminous intensity of
the device was down by one order of magnitude, compared to

Figure 3. EL spectra under different driving currents at room-
temperature. There are no Vp-related green bands, around 550 nm.
The inset shows the rectifying current—voltage characteristics of the
p-i-n device with a turn-on voltage of about 3.7 V.
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Figure 4. Luminous intensity of the device versus time with the
constant drive current of 10 mA at room-temperature. Insets: optical
microscope images of the device taken at different stages.

the initial intensity. Lifetime test ends when luminous inten-
sity decays to 1/50 the first. Our results have been greatly
improved compared with previous reports [20, 34, 35].
Actually, this degraded device can still be lit after six months
later, although the luminous intensity is weak. The EL and
lifetime results of our ZnO-based homojunctions confirmed
that the p-type ZnO obtained by a dynamic nitrogen-doped
process is reliable and stable.

4. Conclusions

In a summary, we have introduced the dynamic N doping pro-
cess of ZnO films, which can suppress the self-compensation,
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effectively. The ZnO-based p-i-n homojunctions have been real-
ized, successfully. EL spectra exhibited significant ultraviolet
emissions without broad green band at room temperature under
different driving current. Our devices have been operating con-
tinuously for over 300h at a luminous intensity reduction of one
order of magnitude. Precise control of the film surface condi-
tions during doping provides a practicable approach for effec-
tive p-type doping. Device performance improvement in the
future can be achieved via N concentration further increasing
and, in particular, device technique optimization.
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