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Abstract

A co-activating route was employed to fabricate ZnO light-emitting diode (LED) by using molecular beam epitaxy. N2 was used as the

acceptor dopant source and O2 was used as assistant gas for N2 decomposing more than only oxygen source. Emission spectra of the

N2+O2 mixture plasma were monitored in situ in order to adjust growth parameters timely. Under the assistance of O2, N atoms content

in the plasma of the mixture shows a significant increase compared to the case without O2 assistance. Electrical measurements of the

as-grown p-type ZnO on sapphire show a carrier concentration of 1.2� 18 cm�3 and a mobility approaching 1 cm2V�1 s�1. A ZnO LED

was fabricated by depositing undoped n-type ZnO on the p-type layer. The turn-on voltage at 100K is about 3.70V, which approaches

the bandgap of ZnO. Electroluminescence spectra show two bands: one is centered at 423 and the other centered at 523 nm, respectively.

r 2006 Elsevier B.V. All rights reserved.
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1. Introduction

p-Type ZnO has attracted more and more attention
because it is necessary to fabricate ZnO light-emitting
devices based on current injection [1–4]. Many improve-
ments on p-type ZnO and p–n junctions were reported
continually [5–10]. In these works, there is no lack of
excellent electric properties and beautiful rectification
curves. However, few electroluminescence (EL) results
were reported [7–10]. In general, the mobility of electrons
is much larger than that of holes due to the difference in
effective mass. As a result, the current in the ZnO p–n
junction is dominated by the electron injection from the n-
layer to the p-layer [7,8]. Before resolving the problem on
low-hole-mobility in ZnO, it is necessary to ensure high
optical quality of p-type ZnO. Therefore, N, which has a
similar atomic radius compared with O, is often selected as
e front matter r 2006 Elsevier B.V. All rights reserved.
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acceptor dopant to decrease the lattice disturbance during
doping. We had reported fabricating of the ZnO p–n
junction light-emitting diode (LED) on sapphire substrate
by using activated NO, which means N is an appropriate
candidate for ZnO p-type doping [8].
Here, another route will be introduced to fabricate

p-type ZnO:N layer and p–n junction LED. Being different
from the early results [8], activated N2 is employed as the
dopant, and O2 is used to assist the N2 decomposition as
well as to act as O source. This method has ever been used
in growing p-type ZnO on ZnO wafer by Look et al. [1].
Here, a ZnO LED was fabricated successfully on sapphire
through this route.
2. Experiments

The samples were all grown on c-plane sapphire
substrates by plasma-assisted molecular beam epitaxy
(P-MBE). 6N zinc was evaporated as Zn source, and 5N
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nitrogen and 5N oxygen were co-activated by a radio-
frequency atom source to offer O and acceptor dopant. The
growth temperature was kept at 425 1C. The chamber
pressure was fixed between 1� 10�6 and 5� 10�5mbar. To
monitor the O2+N2 plasma composition, the luminescence
of the plasma was introduced into a spectrometer by an
optical fiber. The electrical properties of the samples were
measured by a 7707 Hall analyzer (Lakeshore) in Van der
Pauw configuration. EL measurement was performed.
3. Results and discussions

In nitrogen doping for ZnSe, N2 dimer on the Se site was
regarded as a donor [11], which plays an unwelcome role in
p-type ZnSe fabrication. In growth of N-doped p-type
ZnO, the N–N pair on O site (N2(O)) is also regarded as a
shallow donor [12]. For samples grown by using pure N2 as
dopant, O2 was offered by another individual rf atom
source. By varying N2 flow, we obtained n-type ZnO films
with resistivity from 491 to 0.0026O cm. The low-resistant
n-type conductivity indicates that activated N2 molecules
offer more donor defects than acceptors.

To realize p-type conduction in ZnO:N films, it is
necessary to decrease N2(O) concentration in ZnO. During
the growth of N-doped ZnO, the probability is not large
that N2(O) forms via migration of adsorbed N atoms on
surface because of low substrate temperature. Therefore,
decreasing N2 content in the plasma of gas source is a key
link in growth process. Fig. 1 shows the emission spectra of
N2, NO and O2+N2 mixture plasma in the radio frequency
atom source. The rf power was fixed at 300W for all the
three cases. In N2 plasma spectrum, labeled by curve a,
ultra-violet emission from N2 molecule (EN2

) and 746-nm
line from N atom (EN) can be observed. Apparently, EN2

is
much stronger than EN. It indicates that there exists
considerable N2 molecule content in N2 plasma. Such great
deal of N2 molecules will compensate N(O) acceptors in
ZnO. Therefore, it is not easy to obtain p-type ZnO by
activating pure N2. Curve b is the spectrum of activated
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Fig. 1. Emission spectra of plasmas for activated N2, NO and N2+O2

mixture.
NO, in which case we had succeeded in growing p-type
ZnO [8]. For comparing conveniently, the part before
700 nm was magnified to a certain scale. The 777-nm line in
spectra comes from O atom. Because the decomposing
energy (6.6 eV) is smaller than that of N2 (9.9 eV), the ratio
of EN/EN2

shows a significant increase compared with pure
N2 plasma. Although NO is a good dopant, numerous
advantages of N2, such as the facilities in purifying, storage
and environmental conservation, made us find a technique
for fabricating p-type ZnO:N by using N2. Introducing an
assisted gas is a simple method. Compared with other
gases, O2 has enough activity and does not bring
contamination into ZnO. The possible reactions could be
depicted as follows:

O2 ! 2O�;

O� þN2! NOþN�;

NO! O� þN�:

Curve c is the spectrum of N2+O2 mixture plasma at the
same power with the case of pure N2. It is obvious that the
ratio of EN/EN2

increases significantly compared with that
of pure N2 plasma. The line shape is very similar to that of
NO. It means that co-activating of N2+O2 mixture is an
appropriate route for N-doped p-type ZnO fabrication.
By changing the ratio of N2/O2 from 0.5 to 2, we can

obtain ZnO films with different conductivity via keep other
growth parameters. The electrical properties of the samples
are listed in Table 1.The n-type conductivity obtained at
high N2/O2 ratio indicates that over-high N content in gas
source does not always benefit p-type doping. The detail
relation between N content in the activated mixture and
conductivity will be discussed elsewhere. By adjusting the
chamber vacuum while the N2/O2 ratio of 1:2, we even
obtained ZnO film with a hole concentration of
1.15� 1018 cm�3 and mobility of 0.94 cm2V�1 s�1.
A p–n junction LED was fabricated by directly covering

an undoped n-type ZnO film on the p-type layer by
masking an area for electrode. The LED structure is
sketched in Fig. 2(a). The electron concentration and
mobility of the n-type layer are at 1018 cm�3 order and
40 cm2V�1 s�1, respectively. Indium and Ni–Au electrodes
were used to obtain Ohmic contacts to the n- and p-type
layers, respectively. The I–V curve measured at about
100K is shown in Fig. 2(b). As seen, the LED shows a clear
rectification effect. The turn on voltage is about 3.7V,
which approaches the band gap of ZnO.
Table 1

Electrical properties of ZnO films grown by using activated N2+O2

mixture, respectively

N2/O2 (sccm) 0.3:0.15 0.2:0.2 0.15:0.3

Conduction type n p p

Carrier concentration (cm�3) 2.1E14 3.0E14 1.3E16

Mobility (cm2V�1 s�1) 7.8 8.3 0.44

Resistivity (O cm) 3930 2610 1170
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Fig. 2. (a) The ZnO LED structure sketch and (b) I–V curve of the LED measured at 100K.
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Fig. 3. Electroluminescence spectrum of the ZnO LED measured at

100K.
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Fig. 3 is the EL spectrum measured at about 100K. A
violet emission located at 423 nm and a green band
centered at 523 nm could be observed. The UV lumines-
cence of ZnO is absent here. According to our early results
and other reports [7,8], the violet band was attributed to
donor–acceptor pair emission. For the green band, it was
attributed to emissions relative to intrinsic defects in ZnO,
such as O vacancy, etc [13,14]. The detail origins of
luminescence will be discussed elsewhere.

4. Conclusion

In summary, p-type ZnO on sapphire was fabricated by
plasma-assisted P-MBE. Co-activated N2+O2 mixture was
used as acceptor dopant and O source. Assistance of O
facilitates decomposition of N2 molecules significantly.
Homo-junction ZnO LED was also fabricated, which has
clear rectification effect. The EL spectrum includes two
bands, a violet emission at 423 nm and a green emission at
523 nm.
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