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ZnO p-n junction light-emitting diodes (LEDs) were fabricated on c-plane Al,O; substrates by
plasma-assisted molecular beam epitaxy. Gas mixture of N, and O, was used as the p-type dopant,
by which the double-donor doping of N, ) can be avoided significantly. The fabricated p-type ZnO
layers have a higher hole density and carrier mobility. The LEDs showed a very good rectification
characteristic with a low threshold voltage of 4.0 V even at a temperature above 300 K. The LEDs
can even emit intensive electroluminescence in the blue-violet region at the temperature of 350 K.
The blue-violet emission was attributed to the donor-acceptor pair recombination at the p-type layer

of the LED. © 2007 American Institute of Physics. [DOI: 10.1063/1.2435699]

Since the first observation of ultraviolet lasing action at
room temperature from nanostructured ZnO thin films,"
ZnO, as a promising material for ultraviolet photoelectronic
device applications, has attracted extensive attention re-
cently. In 2004, Tsukazaki et al.® succeeded in the demon-
stration of ultraviolet-blue electroluminescence of a ZnO
p-n junction light-emitting diode (LED) operated at room
temperature. Using recently developed techniques, ZnO thin
films can be fabricated with a very good quality character-
ized by high electron mobility and low background carrier
density. However, it is still a big challenge to fabricate high
quality p-type ZnO. There have been many reports on getting
high quality p-type ZnO thin films. The p-type ZnO can be
obtained by N substitution in the O site (Ng), using either
NO,*3 N2O,6 or activated nitrogenous species generated
from a N,/0O, plasma as dopant sources. However, the qual-
ity of the ZnO p-type layers fabricated in these ways is not
satisfying for practical LED applications.L9 The reason is
that, on the one hand, a nitrogen atom can substitute an oxy-
gen site to generate an acceptor site; on the other hand, a N,
molecule can also occupy an oxygen site to form a shallow
double-donor Ny, site.'” The electroluminescence (EL)
emitted from those ZnO LEDs was green or yellowish in
color, mainly due to the low-efficiency deep-level recombi-
nation. In our previous work, we reported ultraviolet-blue
light emission at 200 K from a ZnO p-n junction diode,
where the p-type ZnO layer was directly grown on an
a-plane Al,O3 substrate using activated NO plasma as oxy-
gen source and acceptor dopant.8 The EL emission was, how-
ever, quenched quickly when temperature was raised to
above 200 K. We attributed the emission quenching to un-
stable p-type conduction at high temperature due to the com-
pensation of the p-type carriers by the residual donor impu-
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rities, such as the shallow double-donor N, that were
thermally ionized at high temperature. Therefore, it is crucial
to control the N/O atom ratio in order to fabricate p-type
ZnO layers with stable hole-carrier conduction.

In this letter, we report fabrication of p-type ZnO on
c-plane Al,O; substrates using plasma-assisted molecular
beam epitaxy (P-MBE). 6N-purity Zn metal was used as the
zinc source, rf plasma activated O, (5N purity) and N, (5N
purity) were introduced into the growth chamber simulta-
neously as the oxygen and p-type dopant sources, respec-
tively. The current-voltage curve of the p-n junction LED
measured at room temperature showed a typical diode char-
acteristic. A near-band-edge bluish electroluminescence band
at around 420 nm was observed from the ZnO LED even
above room temperature under a forward bias voltage with a
threshold of 4.0 V, implying very stable p-type conduction
even at high temperature.

To reduce the double-donor sites of Ny during N dop-
ing, the N, content in the reaction gas source should be de-
creased as much as possible while keeping a reasonably high
ratio of the dissociated nitrogen N. Precise control of the
N/O ratio is essential for growth of high quality p-type ZnO,
especially for the dynamically controlled growth at low
growth temperature.

It is noticed that the dissociation energies of N, and O,
molecules are very different. The energy of dissociating a N,
molecule into two N atoms is 9.60 eV.!" In contrast, the
dissociation energy of an O, molecule is only 5.12 ev.?
Because of the high dissociation energy of N,, the dissociate
rate of N, molecule to N atoms might be low for pure N,
gas. Thus, it is not easy to increase the N/O ratio and de-
crease the N,/O ratio in the growth chamber if we separately
introduce pure N, and O, gases into the growth chamber. If
a gas mixture of N, and O, was used instead of pure gases,
then under the assistance of plasma activation, the dissocia-
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FIG. 1. Temperature dependence of the carrier concentrations and mobilities
(inset) of the different samples. Triangles: data of sample A prepared using
the N,/0, gas mixture; solid and opened circles: data of sample B prepared
using NO gas.

tion reaction of the gas mixture would take place according
to the following steps:

0,+¢e—0+0+e, (1)
N,+0 —NO+N, (2)
NO+e¢—N+O+e. (3)

Under a given plasma activation power, reaction (1) can oc-
cur easily because of the relatively low dissociation energy
of O, (5.12 eV). With the existence of the large number of O
atoms, O ions, as well as the thermal electrons produced in
reaction (1), N, can react with O atoms to produce NO and N
according to reaction (2). The activation energy of reaction
(2) is 318 kJ,"* which can transform to 3.25 eV. NO mol-
ecules can further be dissociated with the assistance of strong
collision between NO and the thermal electrons according to
reaction (3) with dissociation energy of 6.6 eV.'* The disso-
ciation energy of the three reactions are lower than that of N,
(9.6 eV). The final products of the plasma activated gas mix-
ture are dominated by the O and N atoms, and the content of
N, can be reduced significantly. Through controlling the
N/O ratio, the p-type carrier density in the ZnO layer can be
controlled. In the experiment, we used the following opti-
mized growth conditions: N,/O, ratio=0.5, plasma power
=300 W. These optimized conditions can decrease the den-
sity of intrinsic vacancy defect and increase the density of
indispensable nitrogen acceptors in the p-type ZnO layers.
Figure 1 shows the electric properties of the p-ZnO lay-
ers produced using the gas mixture of N, and O, (sample A)
and by using pure NO gas (sample B, reported in Refs. 4 and
8), which are plotted as a function of temperature. With in-
creasing temperature, the carrier concentration of sample A
and B increased, while the mobility of the two samples de-
creased. The carrier concentration and mobility of sample A
are significantly larger than those of sample B at various
temperatures. At room temperature, the hole-carrier concen-
tration and the mobility of sample A are 1.2 10'® cm™ and
1.0 cm? V~!' 57!, respectively. Most importantly, sample A
keeps a stable p-type conduction at least until 350 K, while
the p-type conduction of sample B is not stable at high tem-
perature, as seen in Fig. 1; the conduction transferred from p
type to n type at temperatures above 200 K because of ther-
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FIG. 2. I-V characteristics of the ZnO LED measured in the temperature
region of 100—300 K. The inset schematically shows the structure of the p-n
junction LED.

mal activation of the residual impurity donors [e.g., Ny(o)] in
sample B.” In contrast, this p-type to n-type transition disap-
peared in sample A, indicating a stable p-type conduction in
sample A even at high temperature. This stable p-type con-
duction can be attributed to the high density of net N accep-
tors and low density of Ny, donors, benefiting from the
mixture gas technique.

A 200-nm-thick p-type ZnO layer was grown directly on
the c-plane Al,O3, which was capped by a 200-nm-thick
n-type layer that was grown using Zn and pure O, as sources
without intentional donor doping. The carrier concentration
and mobility of the n-type ZnO are 7% 10" cm™ and
40 cm? V= s7!, respectively. Au-Ni and In electrodes were
used to form ohmic contact to the p-type and the n-type
layer, respectively.8 The structure of the ZnO p-n junction
LED is schematically shown in the inset of Fig. 2. At low
temperature (100 K), the current-voltage (I-V) curve of the
ZnO LED shows a good rectification characteristic with a
low leak current at reversed bias voltage and a threshold
voltage 4.0 V at forward bias, as seen in Fig. 2. The p-n
junction LED keeps a good rectifying characteristic even
when increasing temperature up to 300 K.

The EL spectra of the ZnO LED recorded at tempera-
tures ranging from 250 to 350 K are shown in Fig. 3(a). The
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FIG. 3. (a) EL spectra measured at 250—350 K under a fixed forward-biased
voltage of 20 V. (b) PL spectra of undoped n-type and N-doped p-type ZnO
layers at 300 K.
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FIG. 4. EL spectra of the ZnO LED measured at room temperature under
various injection currents. The inset shows the normalized EL spectra in
which blueshift of the emission peak is clearly seen.

forward-biased voltage was fixed at 20 V. To investigate the
origin of the EL band, photoluminescence (PL) spectra of the
p-type and n-type ZnO layers excited using the 325 nm line
of a He-Cd laser were also measured at room temperature,
shown in Fig. 3(b). The PL peak of the n-type side of the
LED located at 3.29 eV comes from the exciton relative
emission, while this emission cannot be measured from the
p-type side. The PL peak of p-type side is located at 3.0 eV,
which is due to the recombination of donor-acceptor
pairs.ls_17 At 250 K, the EL spectrum is dominated by the
emission band in the blue-violet region (423 nm) with a
weak emission band in the red region (650 nm). Note that
the blue-violet EL band is very similar to the PL spectrum of
the p-type ZnO layer. With increasing temperature from
250 to 350 K, the blue-violet emission band slightly shifted
from 420 to 446 nm, accompanied with decrease in emission
intensity, and the whole spectrum was gradually dominated
by the red emission band. Because mobility of the hole car-
riers in the p-type side is much smaller than that of electron
carriers in the n-type side, electron injection from the n-type
side to the p-type side is more efficient than the injection of
holes from the p side to the n side. Thus, the EL of the ZnO
LED mainly resulted from the combination of holes in the
p-type side with the electrons injected from the n-type side.
That is why the EL spectrum is so similar to the PL spectrum
of the p-type ZnO layer.

Figure 4 shows the EL spectra measured at room tem-
perature under various forward injection currents of 2.42,
2.65, 2.86, 3.09, and 3.31 mA. Under the injection current of
2.42 mA, the emission band is located at 2.83 eV with a full
width at half maximum of 500 meV. With increasing injec-
tion current, the emission band shifted to the higher energy
side. The inset shows the normalized EL spectra, from which
we can see the peak energy of the emission band shifting
from 2.83 to 2.95 eV when the injection current changed
from 2.42 to 3.31 mA. The blueshift of the emission band
with the injection current suggests that the EL mechanism
originated from the donor-acceptor pair recombination in the
p-type ZnO layer.

In conclusion, a high density of double-donor doping of
N, o) sides exists in those p-type ZnO layers fabricated using
pure N, gas as the p-type dopant. Because of the high dis-
sociation energy of nitrogen molecules, the dissociation rate
of N, is very low in pure nitrogen gas even with the assis-
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tance of plasma activation. The incompletely dissociated N,
molecules can occupy the oxygen sites in the ZnO lattice,
leading to the double-donor doping of Ny defects. Instead

of using pure N, gas, we used a gas mixture of N, and O, as
the p-type doping source, so that the content of N, molecules
in the plasma activated gas product can be decreased signifi-
cantly. The electric properties of the p-type ZnO layers pre-
pared using the gas-mixture technique were improved obvi-
ously, characterized by high density and high mobility of the
hole carriers. We fabricated ZnO p-n junction LEDs on
c-plane Al,Oj5 substrates using P-MBE technique. The LEDs
showed a very good rectification characteristic even at a tem-
perature above 300 K. The threshold voltage for the light
emission was as low as 4.0 V at 300 K. The LED can even
emit intensive EL in the blue-violet region at the temperature
of 350 K. The blue-violet emission was attributed to the
donor-acceptor pair recombination at the p-type layer of the
LED.
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