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An aluminium nitride light-emitting diode with a
wavelength of 210 nanometres

Yoshitaka Taniyasu', Makoto Kasu' & Toshiki Makimoto'

Compact high-efficiency ultraviolet solid-state light sources'—
such as light-emitting diodes (LEDs) and laser diodes—are of
considerable technological interest as alternatives to large, toxic,
low-efficiency gas lasers and mercury lamps. Microelectronic
fabrication technologies and the environmental sciences both
require light sources with shorter emission wavelengths: the
former for improved resolution in photolithography and the latter
for sensors that can detect minute hazardous particles. In
addition, ultraviolet solid-state light sources are also attracting
attention for potential applications in high-density optical data
storage, biomedical research, water and air purification, and
sterilization. Wide-bandgap materials, such as diamond® and
III-V nitride semiconductors (GaN, AlGaN and AIN; refs 3-10),
are potential materials for ultraviolet LEDs and laser diodes, but
suffer from difficulties in controlling electrical conduction. Here
we report the successful control of both n-type and p-type doping
in aluminium nitride (AIN), which has a very wide direct band-
gap'' of 6 eV. This doping strategy allows us to develop an AIN PIN
(p-type/intrinsic/n-type) homojunction LED with an emission
wavelength of 210 nm, which is the shortest reported to date for
any kind of LED. The emission is attributed to an exciton
transition, and represents an important step towards achieving
exciton-related light-emitting devices as well as replacing gas light
sources with solid-state light sources.

Recently, we have achieved n-type conduction in Si-doped AIN
(refs 12, 13). In the present work, by reducing the dislocation density
and finely controlling the Si doping level, we were able to boost the
room-temperature electron mobility. We examined (by Hall-effect
measurement) the temperature dependence of the electron concen-
tration (1) and electron mobility (p,,) for n-type Si-doped AIN with a
Si doping concentration of 3.5 X 10" cm ™. At 300K, the electron
concentration was 7.3 X 10" cm >, The electron mobility was
426 cm>V~"'s™", which is the highest reported to date in n-type
AIN and attests to the high quality of the AIN. As the temperature
increased, the electron concentration increased exponentially and
saturated at higher temperatures (Fig. 1a). The temperature depen-
dence of electron concentration was fitted by the least-squares
method, assuming the charge neutrality equation for n-type semi-
conductor with a shallow donor and a deep compensating acceptor'*.
The best-fit values are donor concentration Np = 3.0 X 10"” ¢cm ™2,
acceptor concentration Ny = 2.6 X 10" cm ™ and donor ionization
energy Ep = 282 meV. The donor concentration agreed well with the
Si doping concentration, indicating that almost all Si atoms act as
donors in AIN. The compensation ratio N /N was about 0.1. On
the other hand, the electron mobility increased monotonically as
temperature decreased (Fig. 1b). At 220K, the electron mobility
reached 730cm>V~'s™". In calculating mobility, we took into
account scattering by neutral impurities, ionized impurities, polar
optical phonons, acoustic deformation potential, and piezoelectric
potential’. We assumed Matthiesen’s rule, and used the best-fit

values of Np, N, and Ep, and the material parameters in ref. 13.
The calculated electron mobility (solid line) agreed very well with the
measured one. For n-type AIN with a higher dislocation density, the
measured electron mobility was much smaller than the calculated one
owing to the influence of scattering caused by charged dislocations'*
or unidentified dislocation-related defects. Thus, the agreement
indicates that the quality of the n-type AIN layer is high.

With this success in achieving n-type conduction, we turned our
attention to p-type conduction and found that Mg doping produced
p-type AIN. The p-type conduction in Mg-doped AIN was observed
at Mg doping concentrations below 2 X 10> cm™>. When the Mg
doping concentration exceeded an upper limit of 2 X 10*° cm >, the
Mg-doped AIN became highly resistive. This is similar to the
tendency observed in n-type Si-doped AIN (ref. 12), and probably
results from a self-compensation effect of Mg in p-type AIN. This
indicates that control of the Mg doping concentration is important
for obtaining p-type conduction. In addition, the as-grown Mg-
doped AIN was highly resistive, and became p-type conductive after
thermal annealing in N, at 800 °C for 10 min. For the highly resistive
as-grown Mg-doped AIN, the H concentration was in the same range
as the Mg concentration, and after annealing the H concentration
decreased. This means that, in the as-grown AIN, H passivated Mg
dopant, but after annealing H was desorbed and Mg was activated, as
in GaN (ref. 15).

We measured the temperature dependence of hole concentration
(p) and hole mobility (u 9p) for Mg-doped AIN with a Mg doping
concentration of 2 X 10"’ cm ™. We clearly confirmed p-type con-
duction from the polarity of the Hall voltage, although there is some
scattering of measured values because of the high resistivity (low
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Figure 1| Electrical characteristics of n-type Si-doped AIN. a, The
temperature dependence of electron concentration. The solid line shows the
least-squares fit, assuming the charge neutrality equation with a shallow
donor and a deep compensating acceptor. The best-fit parameters are shown.
b, The temperature dependence of electron mobility. The solid line shows the
calculated mobility, considering specific scattering mechanisms (see text).
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mobility). As the measurement temperature increased, the hole
concentration increased exponentially (Fig. 2a). Accurately deter-
mining the acceptor concentration and compensating donor con-
centration in the p-type AIN would require fitting of the measured
data in the high-temperature (exhausted) regime. Thus, from the
present data, only the acceptor ionization energy E 4 was obtained, by
assuming that the hole concentration follows exp(—E o/kgT), where
kg is the Boltzmann constant and T is the sample temperature. The
E 5 was estimated to be 630 meV, which is in good agreement with an
optically obtained value (510 meV)'® and with a theoretically
obtained value (465-758 meV)"”. Owing to the high acceptor ioniz-
ation energy, the room-temperature hole concentration is as low as of
the order of 10'>cm™>. On the other hand, the hole mobility
decreased as temperature increased (Fig. 2b). The temperature
dependence was well fitted to u oc T~ "* (broken line). This is typical
of phonon scattering, which has the strongest influence on
mobility in semiconductors at high temperature. To calculate the
hole mobility, we used a method similar to the above-mentioned one
for the electron mobility. In the calculation, we used the hole effective
mass of AIN, mp* = 3.3, which we estimated from the acceptor
ionization energy E, = 630 meV and the effective mass theory. We
assumed the Mg doping concentration of 2 X 10'?cm ™ as the
acceptor concentration, and the compensation ratio of p-type AIN,
Np/Na = 0.1. This ratio was the same as that of the n-type AIN.
Although the experimental mobility was slightly smaller than the
calculated one (solid line), both showed a similar tendency. These
results also support p-type conduction in the Mg-doped AIN.

The achievement of n-type and p-type AIN allowed us to make a
p-type AlN/intrinsic (undoped) AIN/n-type PIN AIN LED (Fig. 3a).
The LED consists of an AIN PIN homojunction sandwiched between
a p-type and an n-type AIN/AIGaN superlattice'®. The superlattices
were used to improve the lateral conduction in the n-type region and
reduce the contact resistance of the electrodes, and thereby lower the
driving voltage of the LED. The average carrier concentration of the
superlattices is as high as 10'® cm >, because the doping efficiency of
the superlattices is much higher than that of the AIN layers. The high
doping efficiency originates both from the large band offset between
AIN and AlGaN layers and from large band bending caused by
strong polarization fields in the superlattices. A metal/undoped
AIN (insulator)/n-type AIN (semiconductor) MIS LED was also
fabricated to clarify the conduction and emission mechanisms of
the LEDs (Fig. 3b).

The characterization of the electrical and optical properties was
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Figure 2 | Electrical characteristics of p-type Mg-doped AIN. a, The
temperature dependence of hole concentration. The solid line shows the
least-squares fit by exp(—Ea/kgT), where E 4 is the acceptor ionization
energy, kg the Boltzmann constant, and T the sample temperature. The
best-fit parameter is shown. b, The temperature dependence of hole
mobility. The broken line is a least-squares fit of data with pu oc T ',
The solid line shows the calculated mobility, assuming the hole effective
mass my* of 3.3, the acceptor concentration N of 2 X 10" cm 3, and the
compensation ratio Np/N, of 0.1.
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performed on-wafer under a direct current (d.c.) bias condition at
room temperature. The current—voltage (I-V) characteristics of both
LEDs showed rectifying properties, with rectification ratios of higher
than 10* at =40V (Fig. 3¢). The current increased remarkably above
voltages Vp of 5V for the PIN LED and 3.8 V for the MIS LED. These
voltages are close to the diffusion (built-in) potential of the PIN and
MIS junctions. Below V', the current was as low as <0.1 p.A. This low
current is probably due to lower energy barriers at the metal/AIN
interface and the n-type AIN/n-type superlattice interface. Above Vp,
the current is limited by a high series resistance, which originates
from the p-type and undoped AIN layers. Consequently, the operating
voltages at 20 mA were about 45V and 37V for the PIN and MIS
LEDs, respectively, and were much higher than the voltages estimated
from the diffusion potentials. The operating voltage of the PIN LED
is higher than that of the MIS LED because of a voltage drop in the
p-type AIN as well as that in the undoped AIN.

For the PIN LED, the electroluminescence spectra were observed at
a wavelength of approximately 210nm (Fig. 3d). This emission
wavelength was almost the same as that of the free-exciton recombi-
nation of an undoped AIN layer measured by photoluminescence at
room temperature (Fig. 3e). We also assigned the excitonic structure
of our AIN layer by cathodoluminescence and photoreflectance. The
excitons in AIN are stable even at room temperature (kg7 = 26 meV)
because of the large exciton binding energy of 80 meV (ref. 11). This
indicates that the origin of the electroluminescence is unambiguously
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Figure 3 | AIN LEDs. a, Schematic illustration of the PIN LED. b, Schematic
illustration of the MIS LED. ¢, Current—voltage (I-V) characteristics of the
LEDs under a d.c. bias condition. The inset is plotted on a semilogarithmic
scale. d, Electroluminescence spectra of the LEDs under a d.c. bias condition.
e, Photoluminescence spectra of undoped, Si-doped and Mg-doped AIN.
Data in c—e were measured at room temperature. a.u., arbitrary units;

see text for explanation of PIN and MIS.
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the near-band-edge recombination in the AIN. The electrolumines-
cence intensity increased with current. As the current increased from
10mA to 40 mA, the emission wavelength slightly shifted from
209nm 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 energy'’, the
increase of junction temperature AT was estimated to be about
60°C at 40 mA. In addition to the near-band-edge emission, a
weak emission attributed to the Mg impurity level in the p-type
AIN layer was observed at around 230 nm. On the other hand, a
broad emission peak attributed to the Si impurity level in n-type AIN
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
AIN. 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 AIN 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, Rg = dV/dI, was 10°-10° Q at
6-10V. The Ry is almost the same as a resistance of 5 X 10> Q for hole
transport in the p-type AIN, 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 R decreased with voltage. At high voltages of around
40V, R decreased to about 500 2 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 conduction®. In our PIN
LED, because the hole concentration in the p-type AIN is still low,
only a few of the injected electrons recombine radiatively with the
injected holes around the undoped AIN, while most of the electrons
injected from the n-type AIN overflow through the undoped AIN to
the p-type AIN 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, R is determined by the
injected electron transport in the undoped and p-type AIN, and
becomes smaller than that determined by the hole transport in the
p-type AIN.

The output power of the near-band-edge emission at wavelength
A = 210nm was measured to be about 0.02 pW at a d.c. current of
40 mA. The external quantum efficiency 7., of our on-wafer device
was estimated to be of the order of 10~ %%, which is still lower than
that for typical packaged commercial visible LEDs (¢ = 10%).
The external quantum efficiency is given by the product of the
extraction efficiency 7., and the internal quantum efficiency 7;,,
that is, 7 ext = M out X Nin. The estimated 71, and ;, are of the order
of 107'% and 10~>%, respectively. The reason for the low 7., is that
emitted light is absorbed by the SiC substrate, the AIN/AIGaN
superlattices, and the p-type metal contact in the device. The 14y
would be increased by using transparent substrates and proper
packaging, and by optimizing the device structure.

However, increasing internal quantum efficiency 75;, is much
more important at this stage. Possible approaches to improving
nin 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 10°cm™? as a result of the lattice
mismatch and the heterovalency between the SiC substrate and
the AIN layer. For AIN layers, in a dislocation-density range of
10°-10'"°cm ™%, the photoluminescence intensities, which are
related to 7;,, 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
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nitride semiconductors that the output power increased by a
factor of about 10° with decreasing dislocation density from
10" to 10”cm ™2 (ref. 21). The use of AIN substrate’, which
has a low dislocation density of 10*cm™2, will decrease the
dislocation density in the device and thereby increase the 5;, by
a factor of 10°. Second, 1;, generally increases by about 10> 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 (I'-X transition) and direct (I'-T
transition) bandgap energies are 6.4 ¢V and about 8 eV, respectively”,
which are wider than AIN’s direct bandgap. Therefore, BN or AIBN can
confine carriers in the AIN active layer. Third, increasing the hole
concentration in p-type AIN will enhance 7;, because the hole
concentration injected into the AIN 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 AIN 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 AIN 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
(NH;). For n-type and p-type doping, Si and Mg atoms were doped by
introducing silane (SiH,) and bis-cyclopentadienylmagnesium (Cp,Mg) during
growth, respectively. We decreased the dislocation density to 2 X 10’ cm™? by
suppressing the parasitic reaction of the sources (trimethylaluminium and NHj)
in the gas phase during the growth. The details of the growth procedure have
been reported elsewhere'>"?. The PIN LED consisted of a 750-nm-thick undoped
AIN layer, n-type uniformly Si-doped 100-period AIN/AlGaN (1.2 nm/3 nm)
superlattices with a Si doping concentration [Si] of 3 X 10" cm™>, a 200-nm-
thick n-type Si-doped AIN layer with [Si] of 2 X 10" cm™, a 60-nm-thick
undoped (insulating) AIN layer, a 20-nm-thick p-type Mg-doped AIN layer with
a Mg doping concentration [Mg] of 4 X 10'° cm™?, and p-type uniformly Mg-
doped three-period AIN/AIGaN (1.2nm/3nm) superlattices with [Mg] of
4% 10" em ™ >. The structure of the MIS LED (Fig. 3b) is the same as that of
the PIN LED except for the p-type AIN and p-type superlattices. A mesa
structure 200 pm X 200 pm in size was formed by dry etching with Cl, 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 A = 210 nm) p-type Pd/Au (2.5/1.5nm) electrode
was formed on the p-type superlattices for the PIN LED and on the undoped AIN
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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