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the near-band-edge recombination in the AlN. The electrolumines-
cence intensity increased with current. As the current increased from
10mA to 40mA, the emission wavelength slightly shifted from
209 nm to 210 nm. This is because of a self-heating effect, which
results from the relatively high operating voltage. From the tempera-
ture dependence of the free-exciton recombination energy19, the
increase of junction temperature DT was estimated to be about
60 8C at 40mA. In addition to the near-band-edge emission, a
weak emission attributed to the Mg impurity level in the p-type
AlN layer was observed at around 230 nm. On the other hand, a
broad emission peak attributed to the Si impurity level in n-type AlN
was also observed at around 400 nm.
We now discuss the conduction and emission mechanisms in the

LEDs. For the MIS LED, emission at 210 nm was also observed. This
indicates that holes are injected from the electrode by tunnelling and
then recombine radiatively with electrons injected from the n-type
AlN. The emission intensity of the PIN LED is more than 70 times as
high as that of the MIS LED. This confirms that, for the PIN LED,
p-type AlN and p-type superlattices improve the emission efficiency,
and that the most of holes are injected from the p-type layers. On
the other hand, the series resistance, RS ¼ dV/dI, was 106–105Q at
6–10V. The RS is almost the same as a resistance of 5 £ 105Q for hole
transport in the p-type AlN, which was calculated from the result of
the Hall-effect measurement. These indicate that, at low voltages, the
diffusion and tunnelling processes are dominant in the conduction
mechanism.
The value of RS decreased with voltage. At high voltages of around

40V, RS decreased to about 500Q and has a linear relation with the
inverse of current for both PIN and MIS LEDs. Such characteristics
are commonly observed in PIN diodes operated under a high-voltage
condition at which drift current limits the conduction20. In our PIN
LED, because the hole concentration in the p-type AlN is still low,
only a few of the injected electrons recombine radiatively with the
injected holes around the undoped AlN, while most of the electrons
injected from the n-type AlN overflow through the undoped AlN to
the p-type AlN and then to the p-type electrode. The Mg-related
emission in electroluminescence supports this electron overflow.
Therefore, at high voltage, electron drift current becomes dominant
in the conduction mechanism. As a result, RS is determined by the
injected electron transport in the undoped and p-type AlN, and
becomes smaller than that determined by the hole transport in the
p-type AlN.
The output power of the near-band-edge emission at wavelength

l ¼ 210 nm was measured to be about 0.02 mW at a d.c. current of
40mA. The external quantum efficiency h ext of our on-wafer device
was estimated to be of the order of 10 6%, which is still lower than
that for typical packaged commercial visible LEDs (h ext < 10%).
The external quantum efficiency is given by the product of the
extraction efficiency hout and the internal quantum efficiency h in,
that is, h ext ¼ hout £ h in. The estimated hout and h in are of the order
of 10 1% and 10 3%, respectively. The reason for the low hout is that
emitted light is absorbed by the SiC substrate, the AlN/AlGaN
superlattices, and the p-type metal contact in the device. The hout

would be increased by using transparent substrates and proper
packaging, and by optimizing the device structure.
However, increasing internal quantum efficiency h in is much

more important at this stage. Possible approaches to improving
h in effectively are to decrease dislocation density, introduce carrier
confinement structures, and increase the p-type doping efficiency;
we now consider these options in turn. First, our device still has a
high dislocation density of 109 cm 2 as a result of the lattice
mismatch and the heterovalency between the SiC substrate and
the AlN layer. For AlN layers, in a dislocation-density range of
109–1010 cm 2, the photoluminescence intensities, which are
related to h in, linearly increased with decreasing dislocation
density. Thus, the dislocations act as non-radiative recombination
centres. It has also been reported for LEDs made with other

nitride semiconductors that the output power increased by a
factor of about 103 with decreasing dislocation density from
1011 to 107 cm 2 (ref. 21). The use of AlN substrate22, which
has a low dislocation density of 104 cm 2, will decrease the
dislocation density in the device and thereby increase the h in by
a factor of 102. Second, h in generally increases by about 102 times
by introducing carrier confinement structures (double hetero-
structures or quantum well structures), which are normally used
for practical devices. BN in the zinc blende structure is an indirect
bandgap material. The indirect (G–X transition) and direct (G–G
transition) bandgap energies are 6.4 eV and about 8 eV, respectively23,
which are wider thanAlN’s direct bandgap. Therefore, BNor AlBN can
confine carriers in the AlN active layer. Third, increasing the hole
concentration in p-type AlN will enhance h in because the hole
concentration injected into the AlN active layer will increase. We
have used Mg for p-type dopant, which is commonly used for nitride
semiconductors, but Mg’s doping efficiency in AlN is quite low.
Alternative elements for the acceptor with lower ionization energy
need to be explored—group II or IV elements (Be, Zn, Cd, or C) are
potential candidates.

METHODS
Device manufacture. The layer structure of the AlN PIN LED (Fig. 3a) was
grown on SiC(0001) substrate by low-pressure metal organic vapour phase
epitaxy. The sources were trimethylaluminium, trimethylgallium and ammonia
(NH3). For n-type and p-type doping, Si and Mg atoms were doped by
introducing silane (SiH4) and bis-cyclopentadienylmagnesium (Cp2Mg) during
growth, respectively. We decreased the dislocation density to 2 £ 109 cm22 by
suppressing the parasitic reaction of the sources (trimethylaluminium andNH3)
in the gas phase during the growth. The details of the growth procedure have
been reported elsewhere12,13. The PIN LED consisted of a 750-nm-thick undoped
AlN layer, n-type uniformly Si-doped 100-period AlN/AlGaN (1.2 nm/3 nm)
superlattices with a Si doping concentration [Si] of 3 £ 1019 cm23, a 200-nm-
thick n-type Si-doped AlN layer with [Si] of 2 £ 1018 cm23, a 60-nm-thick
undoped (insulating) AlN layer, a 20-nm-thick p-typeMg-doped AlN layer with
a Mg doping concentration [Mg] of 4 £ 1019 cm23, and p-type uniformly Mg-
doped three-period AlN/AlGaN (1.2 nm/3 nm) superlattices with [Mg] of
4 £ 1019 cm23. The structure of the MIS LED (Fig. 3b) is the same as that of
the PIN LED except for the p-type AlN and p-type superlattices. A mesa
structure 200mm £ 200mm in size was formed by dry etching with Cl2 gas
down to the n-type superlattices. An n-type Ti/Al/Ti/Au (25/100/50/100 nm)
electrode was formed on the n-type superlattices, while a semi-transparent
(transparency T < 50% at l ¼ 210 nm) p-type Pd/Au (2.5/1.5 nm) electrode
was formed on the p-type superlattices for the PIN LED and on the undopedAlN
for the MIS LED. A pad electrode was then evaporated on the Pd/Au electrode.
Measurements. The mobility and carrier concentration were obtained by Hall-
effect measurement in the Van der Pauw configuration. For the Hall-effect
measurement of highly resistive (low mobility) samples, we applied an a.c.
magnetic field to improve the signal-to-noise ratio. The electroluminescence
spectra of the LED at various d.c. currents were measured with a mono-
chromator equipped with a ultraviolet-enhanced charge coupled device array.
The output power of the electroluminescence was measured with a Si photo-
diode located above the device. The output power of the near-band-edge
emission was obtained by taking the intensity ratio between the near-band-
edge emission and impurity-related emission into account.
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