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We present a deep-ultraviolet semiconductor laser diode that operates under current injection at room temperature and at a very short wavelength.
The laser structure was grown on the (0001) face of a single-crystal aluminum nitride substrate. The measured lasing wavelength was 271.8 nm
with a pulsed duration of 50 ns and a repetition frequency of 2 kHz. A polarization-induced doping cladding layer was employed to achieve hole
conductivity and injection without intentional impurity doping. Even with this undoped layer, we were still able to achieve a low operation voltage of
13.8 V at a lasing threshold current of 0.4 A. © 2019 The Japan Society of Applied Physics

U
ltraviolet (UV) laser diodes (LDs) operating at
wavelengths of the UV-C region (100–280 nm) are
potential enabling devices for a number of applica-

tions, such as bio-/chemical sensing, small particle detection,
disinfection, medical treatment and surface monitoring. Since
the breakthrough on epitaxial growth of group-III nitrides
demonstrated the potential for low-cost semiconductor UV
light emitting devices,1) enormous efforts have been made on
developing UV light emitting diodes (LEDs).2) These UV
LEDs have already demonstrated wavelengths down to
210 nm, deep into the UV-C.3) On the other hand, UV LDs
have only been demonstrated in the wavelength span of
UV-A (315–400 nm).4–10) New technical issues have been
encountered in attempts to shorter lasing wavelengths. For
instance, while UV LEDs have successfully been demon-
strated on foreign substrates such as SiC or sapphire, the
relatively thick layers with high Al concentration required for
LDs cause high dislocation densities and even crack forma-
tion which can significantly degrade the internal quantum
efficiency (IQE) of the active layer.11) This issue can be well
addressed by using single-crystal aluminum nitride (AlN) as
the epitaxial substrate.
Indeed, AlN has already been considered as a promising

epitaxial growth substrate for the UV-C laser. It was
demonstrated that nearly 1.0 μm of a pseudomorphic
AlGaN layer, with an Al content of 0.7, could be grown on
a single-crystal AlN substrate,12) to preserve the low disloca-
tion density of the substrate. Active layers, grown on single-
crystal AlN substrates, were proven preferable in achieving
high IQE values,13,14) as well as large optical gain in the
UV-C region.15) A remarkably low threshold pumping power
density for stimulated emission via optical pumping has also
been demonstrated on high-quality AlN substrates.16–20)

However, the development of a UV-C LD also requires the
development of a thick, low absorption AlGaN layers (with
high Al-content) needed for optical confinement. At the same
time, these optical confinement layers, or cladding layers,
need to be highly conductive to achieve the relatively high
current densities needed for laser operation. This is particu-
larly difficult for hole transport since the hole conductivity
decreases with increasing Al content in the AlGaN
alloy.21–23) In the past years, various techniques have
been reported to obtain increased p-type conductivity for

high Al-containing AlGaN, such as the distributed polariza-
tion doping (DPD)24–27) and short period superlattice
(SPSL)28–30) methods.
There are several conceivable advantages of the DPD

employment as the p-cladding layer in the UV-C LD. By
using a continuous grade in the alloy composition of the
AlGaN in the DPD approach, a higher hole conductivity can
be expected when compared to the SPSL method. In addition,
for growth of the Al-polar surface, the DPD approach will
generate holes when graded from high Al concentration to
low Al concentration. Thus, this approach can also be
designed to serve simultaneously as the electron blocking
layer,25) avoiding the need for an additional electron blocking
layer that could potentially hinder the hole injection.
Moreover, the DPD layer is expected to be highly optically
transparent in spite of being a highly conductive hole layer
since it achieves this high conductivity without impurity
doping.27) As one might expect, it has been found doping of
the p-side of the cladding layer with Mg may cause
significant modal loss and increase the threshold pumping
power density required for stimulated emission.31)

In this letter, we demonstrate the development of a UV-C
LD fabricated on a single-crystal AlN substrate, which
operates under pulsed current at room temperature, em-
ploying a DPD structure.
The LD structure was epitaxially grown using the metal

organic chemical vapor deposition method, on a (0001)-
orientated, high-quality, 2 inch single-crystal AlN substrate,
with a dislocation density of 103–104 cm−2. The AlN
substrate was provided by Crystal IS. The grown laser
structure consisted of: (i) a 0.4 μm AlN regrowth; (ii) a
0.35 μm n-type Al0.7Ga0.3N:Si as the n-side cladding; (iii) a
9.0 nm single quantum well layer emitting at 270 nm, which
was sandwiched between 50 nm n-side and p-side
Al0.63Ga0.37N waveguide layers to define the optical mode
with a theoretically calculated confinement factor of 2.9%;
(iv) a 0.32 μm thick AlxGa1-xN DPD layer with an Al
composition that decreased from x= 1.0 to 0.7 in the growth
direction of the p-side; and (v) a contact layer including a
p-type AlGaN:Mg with Al composition grading down to
GaN and a p-type GaN:Mg. No intentional impurity doping
was applied during the waveguides and DPD layer growth.
The n-side cladding and contact layer were doped with
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impurity concentration over 1× 1019 cm−3. All the AlGaN
layers were confirmed to be pseudomorphically grown on
the single-crystal AlN substrate, using the reciprocal space
mapping of (11–24) plane X-ray diffraction technique.
The LD structure was then partially etched to expose the
n-type layer and shaped a 4 μm width ridge stripe along
the 〈1–100〉 direction that would allow the current confine-
ment. SiO2 was deposited as a passivation layer, followed by
vanadium-based n-electrode, nickel/gold-based p-electrode
and pad metal formation on the exposed n-side cladding
and contact layer. The whole electrode formation process was
carried out using the facilities of the Center for Integrated
Research of Future Electronics, Transformative Electronics
Facilities (C-TEFs) of the Nagoya University. A schematic
cross section of the fabricated device structure is illustrated in
Fig. 1.
The fabricated stripe with the electrode was then cleaved

along the 〈11–20〉 direction to form a 400 μm long laser
cavity with atomically flat (1–100) facets at either end. This
was followed by the deposition of 5 pairs HfO2/SiO2

multilayers18) on both of the cleaved facets which achieved
a high reflectivity (>90%) and that ultimately reduced the
threshold current.
The electrical characteristics of the LD were measured

under a 50 ns pulsed current injection in a time period of
0.5 ms (duty 0.01%) at room temperature. The edge emission
was measured simultaneously with a photon multimeter and a
spectrometer, and the obtained spectrum was split, via a Glan–
Thompson prism polarizer, to transverse electric (TE)
(E⊥〈0001〉) and transverse magnetic (TM) (E//〈0001〉) modes.
Figure 2 shows the current–voltage (I–V ) and the emission

power features, evaluated by the photon multimeter, as a
function of the pulsed forward current (I–L) of the fabricated
device. Nonlinear increase of the output power was observed
at a forward current above 0.4 A, which corresponded to
25 kA cm−2, considering that the current flow was restricted
to the area of the p-electrode. A sharp lasing spectrum peak
clearly emerged at around 271 nm above the threshold
current. The inset in Fig. 2 depicts the edge emission
spectrum measured by the spectrometer under a 0.5 A
forward current. The operating voltage at the threshold
current was 13.8 V. Figure 3 shows the measured edge

emission spectra of the TE and TM polarization components
at currents (a) above and (b) below threshold. The inset of
Fig. 3(a) shows the TE component with the highest wave-
length resolution. The spontaneous emission of the TE and
TM components, observed at a current of 0.2 A, showed a
full-width-at-half-maximum (FWHM) value of 6.6 nm and
11 nm, respectively. The TE component was sharp
and dominant with a FWHM value of 0.41 nm at 0.5 A
forward current, while the FWHM value of the TM compo-
nent did not change (11 nm). The remarkably low operating
voltage of 13.8 V at threshold current should be attributed to
the step-less (continuous gradient) valence band profile of the
DPD. The region with the highest Al content, adjacent to the
p-side waveguide, probably served as an electron blocking
layer and enhanced the hole injection. The pseudomorphic
growth of the whole structure, including the DPD on the
single-crystal AlN substrate, maximized the polarization-
induced charge to achieve high hole conductivity,

Fig. 1. Schematic drawing of the fabricated UV-C LD structure.

Fig. 2. (Color online) I–V and edge emission I–L characteristics of
measured UV-C LD. The inset figure shows the edge emission spectrum at
0.5 A forward current.
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considering that relaxation of the graded structure can also
hinder polarization doping.32)

Another obstacle that deteriorated LD characteristics was
the convex, hexagonal pyramid shaped hillock (HPH) feature
that appeared after the epitaxial growth, with a density of
6× 103 cm−2, as shown in the inset optical microscope
image of Fig. 4(a). An additional longer wavelength emission
peak at 278 nm clearly emerged for devices where HPHs
were observed in the p-electron region, like device-A

[Fig. 4(a)]. Lasing was only achieved with devices without
p-electrode overlapping an HPH, like device-B [Fig. 4(b)].
Similar features of luminescence have been reported by other
groups for AlGaN layers.33) Cross section transmission
electron microscopy observations appear to demonstrate
that HPHs can originate from existing threading dislocation
in the single-crystal AlN substrate. Threading dislocations
can provide a non-radiative recombination center11) in the
active layer, as well as non-uniform current injection.
Guiding mode scattering may also occur at devices which
overlap an HPH, leading to additional internal loss and to
lasing inhibition. Consequently, a high-quality AlN substrate
with low dislocation density appears to be fundamental to the
development of a UV-C LD.
In conclusion, we have demonstrated a UV-C LD fabri-

cated on a single-crystal AlN substrate operating at room
temperature. Lasing was achieved at a wavelength of
271.8 nm under pulse current injection above the threshold
current (0.4 A), which corresponded to a current density of
25 kA cm−2. An undoped DPD was employed as the p-side
to achieve low internal loss, high hole conductivity, and high
hole injection. Furthermore, the graded valence band profile
of the DPD contributed to a remarkably low operating
voltage of 13.8 V at the threshold current. To our knowledge,
the current injection LD reported here operates at the shortest
wavelength reported so far.
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