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Abstract— An AlGaN deep ultraviolet laser diode design
exploiting AlN substrates is presented, featuring an inverse-
tapered p-waveguide layer. The 2-D optoelectronic simulation
predicts lasing at 290 nm. Spatial balancing of the lasing
mode to minimize optical loss in the p-Ohmic metallization is
achieved through the use of a narrow bandgap yet transparent
n-waveguide layer. Several electron blocking layer (EBL) designs
are investigated and compared with a conventionally tapered
EBL design. Through judicious volumetric redistribution of fixed
negative polarization charge, inverse tapering may be exploited
to achieve nearly flat valence band profiles free from barriers to
hole injection into the active region, in contrast to conventional
designs. Furthermore, proper selection of quantum well barrier
and spacer compositions are demonstrated to reduce electron
leakage from the active region. Numerical simulations demon-
strate that the inverse tapered strategy is a viable solution for
efficient hole injection in deep ultraviolet laser diodes operating
at shorter wavelengths (<290 nm).

Index Terms— AlN substrate, AlGaN epitaxial layer, deep
ultraviolet laser diodes, efficient hole transport, hole blocking
layer, inverse tapering, optical absorption loss, polarization
charge.

I. INTRODUCTION

ULTRAVIOLET (UV) laser diodes (LDs) and light
emitting diodes (LEDs) based on the wurtzite III-nitride

material system fit the technological needs for a diverse list
of present and future applications [1], [2]. Recently, they have
been the focus of intense investigation by several photonic
device research groups [3]–[10]. The design of vertical injec-
tion edge emitting LDs with stimulated emission in the UV-B
(280-320 nm) and UV-C (< 280 nm) bands is fraught with
numerous complications. A discussion of these issues may be
found in the literature [2] and [11]. Among the most serious
challenges is inefficient hole injection. The low conductivity
of p-type III-nitride material is primarily responsible for this
issue. With increasing bandgap energy, the activation energy
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of Mg dopants [12]–[15] in materials required for DUV LDs
increases commensurately, exacerbating the situation. In addi-
tion to greater Joule heating in the resistive p-type layers,
weak electrical activation of Mg dopants leads to unscreened
polarization charge at the interfaces between waveguide and
electron blocking layers (EBLs), as well as between spacer
and QW layers which in turn contributes electrostatically to the
emergence of parasitic hole blocking layers. As the unscreened
polarization charge is of positive sign at the spacer/EBL
interface, it contributes electrostatically to the emergence of
a parasitic hole blocking layer, in which case hole injection
into the active region is limited by thermionic emission, and
therefore extremely inefficient. Heavily doped p-type layers
can only partially suppress such unintentional hole blocking
layers, and do so at the expense of degraded hole mobility
and material quality. Although narrower bandgap III-nitride
materials offer higher p-type conductivity by virtue of a lower
Mg activation energy [12]–[15], two considerations preclude
their use as p-type layers in DUV LDs. The problems of
hole injection and optical confinement are tightly coupled
in vertical injection DUV LDs, and the use of narrower
bandgap III-nitride materials for p-type layers may shift the
optical mode profile upwards towards (high refractive index)
p-type layers. This in turn degrades optical confinement and
introduces optical absorption losses in both the p-type layers
and p-Ohmic metal.

This article presents a 290 nm UV edge emitting vertical
injection LD design based exclusively on metal-face growth of
ternary AlGaN layers on a bulk c-axis AlN substrate. In order
to reduce the problem of hole injection, several EBL designs
are investigated and compared via numerical simulation. In this
article, we suggest that superior hole injection can be achieved
if a conventionally tapered EBL [2], [11], [16]–[19] is replaced
by an inverse tapered p-waveguide layer whose bandgap
decreases along the growth direction. This inverse tapering
eliminates the aforementioned electrostatically induced arti-
ficial hole blocking layer, and leads to significantly lower
threshold current. The design presented here assumes realistic
chemical and electrical concentrations of dopant atoms for
all p-type layers, and uses ternary AlGaN mole compositions
that are feasible with current growth technology. LD designs
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TABLE I

EPITAXIAL LAYER STRUCTURE FOR AN AlGaN/AlGaN EDGE EMITTING

VERTICAL INJECTION LD DESIGN OPERATING AT 290 nm

targeting shorter emission wavelengths (<290 nm) can easily
adopt this idea of inverse tapering and thereby eliminate the
severe problem of hole injection.

II. SIMULATION METHOD

A detailed description of our simulation method can be
found in previous publications [2], [11], and [20]. Simulation
results presented in this article consider the composition-
dependence of dopant activation energy [12]–[15], even
in graded material, for accurate calculation of incomplete
ionization of dopant species [21] throughout the epitaxial
layer structure. For the DUV LD designs we propose in the
present article, the complexity introduced by this ionization
model is critical for the accurate prediction of hole injection.
Also, a composition, strain and wavelength dependent complex
refractive index model [22], [23] has been used to calculate
optical modes and absorption coefficients (and loss) of ternary
AlGaN epitaxial layers at the emission wavelength.

III. RESULT

Previously, we have reported AlInN/AlInN [11] and
AlGaN/AlInGaN [2] edge emitting LD designs operating at
250 nm wavelength. Our earlier investigations revealed that
compositionally graded EBL [11] and polarization charge
matched quantum well barriers (QWBs) [2] can significantly
improve LD performance. In this article, we seek to improve
hole injection through electrostatic engineering of the hole
injection layers.

A. Epitaxial Structure Design

To achieve superior hole injection efficiency and minimum
optical loss in the p-Ohmic metal, we have explored different
p-waveguide layer and EBL designs by means of numerical
simulation. Table I lists the epitaxial layer structure of a
typical AlGaN/AlGaN edge emitting vertical injection LD
design with a conventionally tapered EBL. It is assumed
that all layers are pseudomorphically grown [2], [11] on top
of an AlN substrate. 500 μm edge emitting LD stripes are
formed by etching to a depth of 310 nm, or 220 nm above
the top surface of the spacer, with lasing at λ = 290 nm.
The ridge width is 2 μm and cavity length is 500 μm. Left
and right facet reflectivities are assumed to be 85% and 95%

Fig. 1. Optical mode profile corresponding to the epitaxial structure of Table I
(Only the lasing TE mode is shown here).

respectively (Mirror loss is 2.14 cm−1). We have considered
several TE and TM modes in all simulations, and confirmed
that only the fundamental modes are strongly confined by
the optical waveguide. Of the two fundamental modes, lasing
occurs only in the TE mode over the range of injection
currents we have studied, as is expected in compressively
strained AlGaN based MQW LD designs [2], [11]. Its optical
mode profile is shown in Fig. 1. Refractive indices used for
optical mode calculations are presented in Table I, and are
estimated from the real part of a complex refractive index
model [22], [23]. The imaginary part of this model is used
to estimate the absorption coefficients in the epitaxial layers.
Except for the QWs, the entire epitaxial structure of Table I is
assumed to be optically transparent at the emission wavelength
(290 nm). We address the influence of optical loss associated
with sub-bandgap absorption [24] at the end of Section III,
and stress that the asymmetric waveguide design presented
in Table I minimizes such deleterious effects by pushing the
optical mode towards less lossy n-type layers [25], [26].

Optical loss in metals plays a critical role in determining
the threshold current. For purposes of our numerical
calculation, the p- and n-Ohmic metals are taken to be
nickel and aluminum, respectively. At λ = 290 nm, the
absorption coefficient of nickel is 8.77 × 105 cm−1 and that
of aluminum is 1.49 × 106 cm−1 [27], resulting in a total
optical loss of 2.4 cm−1 in the metals for the lasing mode
of Fig. 1. Fig. 2 illustrates the energy band diagram at a bias
condition below the lasing threshold. L-I and V-I curves are
shown in Fig. 3. The threshold current is 715 mA and the
slope efficiency is 0.08 W/A. Shockley–Read–Hall lifetime
and Auger recombination coefficients, which also strongly
influence threshold current, are taken from [28] and [29],
respectively. Other parameters used in our calculations have
been previously reported [2], [11].

In contrast to previously reported designs [2] and [11],
the epitaxial layer structure of Table I exhibits several new
features. It only employs ternary AlGaN compositions and
avoids ternary AlInN and quaternary AlInGaN. Although
AlInN and AlInGaN based designs may offer promising LD
performance advantages [2], [11], high quality crystal growth
of In-rich materials is presently considered more challenging.
In order to achieve higher p-type conductivity, narrow bandgap



168 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 50, NO. 3, MARCH 2014

Fig. 2. Energy band diagram of the epitaxial structure of Table I at a bias
before the lasing threshold. Conventionally tapered EBL is also acting as a
significant hole blocking layer (Barrier height is 0.6 eV).

Fig. 3. L-I and V-I curve of the epitaxial structure of Table I.

Al0.48GaN (Egap = 4.58 eV) is utilized for the p-waveguide
layer. Wider bandgap material would incur greater Joule
heating because of poor p-type conductivity. On the other
hand, narrow bandgap p-waveguide material may become
optically absorptive at the lasing wavelength, and will
moreover exacerbate optical losses by pulling the optical mode
towards the highly absorptive p-Ohmic metal.

Similarly, a thinner p-waveguide layer would yield higher
optical loss, while a thicker layer would introduce additional
series resistance and associated Joule heating. In contrast to
previously reported designs [2] and [11], the optical mode
profile of devices presented in this article is no longer cen-
tered on the active region (See Fig. 1). A narrow bandgap
(Al0.45GaN) n-waveguide layer is employed to counterbal-
ance the high refractive index of the proposed p-waveguide
layer, and to pull the optical mode downwards, away from
the lossy p-Ohmic metal. The optical confinement factor is
0.75%. In fact, Al0.45GaN (used for n-waveguide layer) is the
smallest possible bandgap material which is transparent at the
290 nm emission wavelength. Thicker and narrower bandgap
n-waveguide material may reduce lateral series resistance
(and Joule heating) but it would significantly degrade the

Fig. 4. Effect of heavy Mg doping on the energy band diagram of the
epitaxial structure of Table I. Hole blocking layer is suppressed significantly.

optical confinement factor and may also introduce additional
optical absorption. Furthermore, a thinner and/or wider AlGaN
n-waveguide layer may not be able to pull the optical mode
downwards effectively if thinner and wider bandgap AlGaN is
employed.

From the energy band diagram of Fig. 2, one may observe
that a conventionally tapered EBL (in which the bandgap
increases along the growth direction) acts as a large hole
blocking layer primarily due to the unscreened polarization
charge at the p-waveguide layer/EBL and spacer/QW inter-
faces. The substitutional dopant (Mg) concentration of the
spacer, EBL and p-waveguide layer is taken to be 1018 cm−3

(For the n-waveguide layer, the substitutional Si concentration
is assumed to be 2 × 1018 cm−3). We point out that the
prominence of this hole blocking layer will be artificially but
only partially masked if 100% ionization of dopant atoms is
assumed; however, this is not only incorrect, but also leads to
a gross overestimate of hole injection efficiency. One way to
reduce the potential barrier for hole injection is to dope the
p-type layers heavily. Fig. 4 shows the effect of heavy Mg
doping on the energy band diagram. As expected, the barrier
height of the hole blocking layer is reduced significantly. Both
threshold current and voltage are lowered due to improved
hole injection efficiency (see Fig. 5). Although heavy doping
degrades carrier mobility [30]–[32], this effect alone does not
exert a large influence on either threshold current or voltage.
Instead, it is the energetic barrier to hole injection due to
the valence band discontinuity at the p-waveguide layer/EBL
interface with conventional tapering which is the dominant
effect, limiting the mechanism for hole injection to mere
thermionic emission.

B. Two-Step Tapered EBL Design

The abrupt valence band discontinuity at the p-waveguide
layer/EBL interface can be eliminated by using an EBL with
two step tapering. Specifically, the bottom half of the EBL
may be tapered upwards such that its bandgap increases in the
growth direction (from Al0.54GaN to Al0.60GaN) for efficient
electron blocking. The upper half may be tapered downwards
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Fig. 5. Both threshold current and voltage improve with heavy doping of
p-type layers. But the improvements may be exaggerated because mobility
degradation has not been considered explicitly.

Fig. 6. Comparison of the energy band diagrams between conventionally
tapered and two step tapered EBL designs. Two step tapering eliminates the
abrupt valence band offset at the p-waveguide layer/EBL interface and reduces
the effective thickness of the hole blocking layer.

along the direction of growth (from Al0.60GaN to Al0.48GaN)
to eliminate abrupt valence band discontinuities. We have sim-
ulated the baseline epitaxial structure of Table I by replacing
the conventionally tapered EBL with the proposed two step
tapered design, and the results are shown in Figs. 6 and 7. For
meaningful comparison, the EBL thickness is held constant at
20 nm. Two step tapering of the EBL yields a 46% reduction
in threshold current and 76% improvement in slope efficiency
(see Fig. 7). Unfortunately, the band diagram of Fig. 6 clearly
indicates that the two step tapered EBL does not reduce the
size of the potential barrier to hole injection, but merely halves
its effective thickness and eliminates the abrupt valence band
offset. To improve the hole injection efficiency further, it is
important to investigate and understand the nature of this
polarization charge induced hole blocking layer in more detail.

The sign and magnitude of the net interface polarization
charge of an AlxGa1−xN/AlyGa1−yN interface depends on
several factors, including growth axis, metal-face vs. N-face
growth, difference between mole fraction x and y and their

Fig. 7. Comparison of L-I curves between conventionally tapered and two
step tapered EBL designs. With two step tapering, threshold current is reduced
by 46% and slope efficiency is improved by 76%.

Fig. 8. Compositional dependence of the net interface polarization charge
at an AlGaN/AlGaN interface. It is assumed that the layers are pseudomor-
phically grown on top of AlN substrate.

relative significance [22]. In our simulation, metal-face c-axis
growth is assumed. It is obvious that a large mole fraction
contrast will increase the magnitude of the net interface charge,
but it is the sign of the difference between x and y which
determines the sign of the polarization charge. If we assume
that a layer of AlxGa1−xN is grown on top of AlyGa1−yN,
the net interface polarization charge will be positive if x > y
and vice versa (see Fig. 8). Therefore, the volumetrically
redistributed polarization charge of the two step tapered EBL
is positive in the bottom half and negative in the upper half.
With moderate dopant (Mg) concentration in the p-type layers
(1018 cm−3), this redistributed polarization charge opposes the
bound charges associated with dopant atoms at the bottom
half of EBL and reinforces at the top. In cases where the
magnitude of the redistributed polarization charge in the lower
half of the EBL exceeds the charge of electrically active dopant
atoms in that layer, the location of the p-n junction itself is
transferred to the interface between the two halves of the EBL.
This explains why the effective thickness of the hole blocking
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Fig. 9. Energy band diagram of the two step tapered EBL design above
lasing threshold. A large fraction of the applied voltage drops across the EBL
and makes the conduction band almost flat.

layer is halved in a two step tapered EBL design. Because the
volumetric redistribution of polarization charge in the upper
half contributes additively to the fixed charge contributed by
ionized Mg atoms, the potential drop over the EBL layer is
primarily across the bottom half, while the valence band is
almost flat throughout the upper half (see Fig. 6).

C. Inverse Tapered p-Waveguide Design

Now that the root cause of the hole blocking layer has
been identified, the next step is to address strategies for its
suppression. One such approach is to flip the sign of the
polarization charge at the bottom half of two step tapered EBL,
in such a way that the redistributed polarization charge should
be negative throughout the entire thickness of the EBL.
From a compositional perspective, this means that the two
step tapered EBL should be replaced by an inverse tapered
p-waveguide layer where the bandgap should decrease along
the growth direction. This may be a risky proposition, as
electrons may leak from the MQW active region in the
absence of an explicit EBL, and thereby degrade LD perfor-
mance. However, in spite of the band diagram under flatband
conditions, our numerical simulations reveal that above the
lasing threshold, neither the conventional nor the two step
tapered EBL are effective in blocking electrons anyway, due
to the redistribution of electrostatic potential under strong for-
ward bias. Indeed, because of poor p-type conductivity, a large
fraction of the applied voltage is dropped across the EBL. This
point is demonstrated in Fig. 9. Above the lasing threshold, the
conduction band is almost flat at the bottom half of the two
step tapered EBL, and the only thing impeding the leakage
of electrons is the conduction band offset at the spacer/QW
interface. Nevertheless, in spite of electron leakage, numerical
simulations indicate that this device can be made to lase, albeit
at high injection current density. A similar result is observed
for the conventionally tapered EBL (results not shown here).
This observation suggests that the inverse tapering efficacy
in DUV LD design may actually solve the problem of poor
hole injection. Still, care must be taken to keep the electron

Fig. 10. Comparison of the energy band diagrams between two step tapered
EBL and inverse tapered designs. Inverse tapering reduces the potential barrier
of the hole blocking layer by 180 meV.

Fig. 11. Comparison of L-I curves between two step tapered and inverse
tapered designs. Inverse tapering reduces threshold current by 33% and
improves slope efficiency by 14%. Inset shows the energy band diagram of
the inverse tapered design above the lasing threshold, and the clear absence
of potential barriers to hole injection.

leakage within tolerable limits via appropriate selection of
MQW (and spacer) material compositions.

We therefore modify baseline design of Table I by replacing
the tapered EBL with an inverse tapered p-waveguide layer
(from Al0.54GaN to Al0.48GaN). Inverse tapering is affected
over a thickness of 20 nm, with all other quantities unchanged.
Simulation results show that the parasitic electrostatic barrier
to hole injection is suppressed significantly (see Fig. 10).
Excellent hole injection efficiency leads to the dramatic
improvement in LD performance shown in Fig. 11. The L-I
characteristic of two step tapered EBL design is included for
comparison. The proposed inverse tapered design’s threshold
current is reduced by 33% and slope efficiency is improved
by 14% with respect to the two step tapered EBL design.
Threshold voltage is also reduced by 0.4 V (results not shown
here). As there is no explicit EBL in the inverse tapered design,
leakage of electrons from the active region can only be kept
within acceptable limits if MQW and spacer compositions
are chosen judiciously. To investigate this, we have studied
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Fig. 12. Effect of QWBs and spacer’s composition on the threshold current,
lasing wavelength and optical confinement factor. Narrow bandgap barriers
fail to block electron leakage. On the contrary, wider bandgap QWBs (and
spacer) pushes the optical mode downwards and red-shits emission wavelength
via quantum-confined stark effect (QCSE).

the influence of different spacer compositions on the inverse-
tapered design described. The material composition of the
QWBs are kept identical to that of the spacer to ensure
similar emission wavelength among the QWs. Fig. 12 shows
how the threshold current, lasing wavelength and optical con-
finement factor change with spacer (and QWB) composition.
Rapid degradation of threshold current indicates that electron
leakage becomes dominant if the aluminum content falls
below 54%. 59% Al minimizes the threshold current (and
electron leakage), incurring a small red-shift to the emission
wavelength. The red-shift can be easily corrected by modifying
QWs’ composition and/or thickness. For aluminum content in
excess of 60%, threshold current starts rising sharply because
of degradation of optical confinement and further separation
of electron and hole wavefunctions within the QWs.

Many researchers have proposed different approaches for
improving the conductivity of p-type layers, hole injection
efficiency and electrical confinement of carriers inside the
active region in LDs and LEDs operating within the visible
and UV spectrum. Several articles are cited in Satter et al. [2]
which report new strategies for reduction of the high acti-
vation energy of Mg dopants or the increase of free hole
concentration in III-N materials. A technique known as
“polarization doping” has been suggested for the improvement
of p-type dopant (Mg) ionization efficiency in compositionally
graded AlGaN layers through the field ionization of the dopant
atoms via the electric field induced by polarization charge
[4], [9], [33]–[37]. This appellation is somewhat misleading, as
electric fields of sufficient magnitude to ionize deep acceptor
atoms would necessarily drive free carriers away from the
high-field region, leaving behind only fixed space charge
rather than highly conductive material. Instead, compositional
grading can volumetrically redistribute sufficient negative
polarization charge to make it energetically favorable for free
holes in adjacent material to drift or diffuse into the composi-
tionally graded region, thereby creating a high free hole den-
sity irrespective of whether Mg atoms are electrically active.
Both N-face [4], [9], [33], [36] and the conventional

metal-face [34], [35], [37] growth can benefit from compo-
sitional grading, producing a flat and smooth valence band
profile right up to the edge of the active region to ensure
superlative hole injection efficiency. If N-face growth is
adopted, one must not only ensure good crystalline quality
of the epitaxial layers, but also make Ohmic contact to a wide
bandgap p-type layer [35].

Several authors have reported short-period superlattices
(SPSL) based EBLs [38], [39] to improve hole injection
efficiency and electrical confinement of electrons. Although
this strategy effectively reduces hole blocking barrier height,
it also directly introduces deep hole traps which impede
the vertical transport of holes through these layers. Lattice
matched ternary AlInN [40] and polarization charge matched
(partial) quaternary AlInGaN EBLs [41] have also been used
to improve hole injection efficiency and electrical confinement
of electrons. From the growth perspective, one of the most
attractive features of our proposed inverse tapered design
is that it is an all AlGaN based design and it does not
critically depend on the polarization charge matching via
precise control of quaternary compositions. Surely, the design
can be improved further if properly chosen quaternaries are
used for QWBs, spacer and EBL layers. Although the precise
control and crystalline growth of AlInGaN compositions may
be difficult, the issues do not appear to be fundamental.

Explicit consideration of optical losses associated with
sub-bandgap absorption in the epitaxial structure of Table I
quantitatively degrade both threshold current and slope
efficiency (results not presented here), consistent with
expectations. These simulations also confirm, however, that
the inverse taper design not only continues to provide the
best performance among the three designs studied, but is also
substantially more robust to optical loss than the other two
designs considered.

IV. CONCLUSION

A prototypical 290 nm DUV edge emitting LD design
based on AlGaN ternary materials has been presented.
Conventionally tapered EBLs have been identified as the origin
of a large electrostatic barrier to hole injection, associated
with unscreened polarization charge. Numerical simulations
indicate that properly designed inverse tapered p-waveguide
layers can significantly improve threshold current and slope
efficiency through elimination of barriers to vertical hole
transport, while incurring a minimum penalty to electron
leakage from the active region. Optically transparent but
narrow bandgap material has been utilized for n-waveguide
layers to reduce the optical absorption in lossy p-Ohmic
metal by pulling the optical mode downward. The proposed
inverse tapered structure can be easily extended to LD designs
operating at shorter wavelengths.
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