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ABSTRACT

Stimulated emission from AlGaN based quantum wells (QWs) emitting at ultraviolet wavelengths is investigated theoretically. Maxwell–
Bloch equations in the second Born approximation are solved self-consistently with the Poisson equation. The valence band dispersion is
obtained from a 6-band kp-model. For a QW emitting at around 270 nm with a thickness of 2.2 nm, an estimated FWHM of 10 meV
for homogeneous broadening and an excitonic red shift of 100 meV are extracted under typical laser conditions. From a comparison
to experimental data of stimulated emission, an inhomogeneous broadening energy of 39 meV FWHM is evaluated. Calculations show
that high TE gain can be achieved for thin QWs around 2 nm thickness in a multiple QW arrangement or for single QWs thicker than
6 nm.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0021890., s

I. INTRODUCTION
Aluminum gallium nitride (AlGaN) heterostructures have
enabled semiconductor light emitting diodes in the ultraviolet (UV)
spectrum, down to the UVC range.1 AlGaN based UV lasers with
high power densities have a great potential in various applications such as water purification, general sterilization, and sensing
systems. Realizing electrically injected lasers in the UV spectrum
has remained a challenge, and devices with pulsed operation at
272 nm emission and 25 kA/cm2 threshold current density have
been reported.2 Several obstacles need to be overcome for improving
the performance. High optical losses are introduced by magnesium
induced absorption in the cladding and the absorptive p-contacts.3
The acceptor activation energy of AlGaN layers rises with Al content; therefore, claddings with high optical index contrast are poor
p-conductors at the same time.2 Thick ternary AlGaN layers lead
to alloy fluctuations that change the carrier dynamics and emission from the quantum wells.4 Finally, polarization charges at the
well–barrier interfaces lead to reduced matrix elements for radiative
transitions, and in multiple quantum well (QW) systems, they create
barriers for carrier injection.
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In this paper, the configuration for high optical gain from
AlGaN QWs is investigated. The focus is on QW thickness, and the
calculations exhibit that for thin quantum wells in the order of 2 nm,
electron confinement can be critical, while for thicker QWs, the
polarization field reduces the matrix element. Design proposals for
high gain with both thin and thick QWs are shown, and gain is calculated. Finally, the impact of inhomogeneous broadening is demonstrated quantitatively by detailed comparison to the experiment. The
theoretical method solves the optical Bloch equations in the second
Born–Markov approximation5 in order to calculate spectral gain in
AlGaN QWs emitting in the ultraviolet spectral range.

II. SIMULATION MODEL
The band structure of the active region is calculated using a
6-band k ⋅ p method for the hole states, including band mixing of
the heavy-hole, light-hole, and split-off bands.6 A single-band model
calculates the electron band dispersion. The k ⋅ p method is iterated with the nonlinear Poisson equation, including the stationary
charges at interfaces and compositional gradients arising from the
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polar hexagonal crystal. Strain relaxation is calculated based on a
biaxial continuum model.6 Optical gain is obtained from a semiclassical theory,5,7 consisting of the microscopic polarization and the
optical matrix element. The microscopic polarization results from
the semiconductor Bloch equations, including many-body effects
from the Coulomb interaction in the Hamiltonian. The polarization dephasing rates are calculated within the second Born approximation in the Markovian limit.5 Both the k ⋅ p-Poisson-solver and
the solution of the Bloch equations have been implemented within
our research.8 The main signatures of many-body interactions are
homogeneous broadening, excitonic effects, and bandgap renormalization in the gain spectra. The simulation model employs a set of
material parameters for the calculation. The k ⋅ p method requires
band structure data for AlGaN taken from Rinke et al.9 and polarization data taken from Dreyer et al.10 The valence band splitting
energy parameters have been taken from Carvalho et al.11 and are
close to experimentally determined values.

III. SINGLE QUANTUM WELL vs SUPERLATTICE
At first, a single AlGaN QW vs a superlattice with AlGaN barriers is studied. The Al mole fraction of the barrier is 90%, and the
well mole fraction is chosen for emission around 270 nm. In addition to the choice of bandgap energy in the barrier, the polarization
fields have an impact on the stimulated emission as well. At heterointerfaces, the charge density σ int creating these fields results from
⃗ 10
the difference in polarization P,
1
0
⃗tot
⃗tot
⃗,
σint = (P
−P
)⋅n

(1)

where the total polarization consists of the piezoelectric part and the
spontaneous part. For the case of a QW between two barriers, there
is a net charge at the QW–barrier interfaces, originating from the
piezo and spontaneous polarization. At the other side of the barriers,
there are interfaces again, and for those, two scenarios can be identified: a single well between thick barriers creates polarization fields
only at the well–barrier interface, in the limit of an infinite barrier
(the infinite barrier setup). This leads to a potential drop between
the left and right barriers. An illustration is shown in Fig. 1. The

FIG. 1. Conduction and valence band setup for the infinite barrier and periodic
superlattice quantum well of thickness 2.2 nm. The interface charges resulting
from the piezoelectric (PZ) and spontaneous (SP) polarization fields are shown
schematically.
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FIG. 2. Material gain of a QW with 2.2 nm thickness emitting at around 270 nm.
Black lines: infinite barrier case (n = p = 5.0, 6.0, 7.0 × 1019 cm−3 ); red lines:
periodic superlattice case (n = p = 4.0, 5.0, 6.0 × 1019 cm−3 ); and dashed lines:
TM gains.

second case assumes a QW in a periodic superlattice arrangement,
where the electric field is present both in the well and in the barrier
(Fig. 1, right) due to periodic charge placement. This results in an
additional slope of the bands in the barrier.
Figure 2 shows the material gain for the two cases. The mole
fraction difference at the well–barrier interface creates charge densities of σ = 1.3 × 1013 cm−2 at the well–barrier interface, resulting
in a Stark shift. At well densities of around 5.0 × 1019 cm−3 , these
charges are only partially screened; nevertheless, a strong gain peak
shift is observed in this figure with a rising carrier density. Much
smaller material gain is obtained from the infinite barrier model,
mainly because of the weak electron confinement at the right well–
barrier interface (see Fig. 1, left). In addition, the optical transition
energy is ∼150 meV lower, as the effective confinement potential is
lower. The larger width in the gain spectrum, compared to the periodic boundary case, is due to narrow sub-band spacing, which favors
population of the heavy hole 2 (HH2) sub-band and contributes to
gain. For periodic boundaries, the onset of this transition can be seen
at the highest density in the plot.
The results indicate that for the AlGaN system, the inner wells
in a multi-QW stack possess an improved electron confinement due
to the electric field created from the polarization charge at the neighboring barrier. Material gain is improved by a factor of 4 (see Fig. 2),
with an additional red shift of peak gain. With a confinement factor
of 4.2%,3 modal gain for a laser is therefore 12 cm−1 for the infinite
barrier case and 50.0 cm−1 for a well in the superlattice case (for a
carrier density of 5.0 × 1019 cm−3 ).

IV. COMPARISON TO EXPERIMENT
In the following, the simulation data are compared to experimental data in order to understand the influence of alloy fluctuations. AlGaN-based heterostructures were grown by metal–organic
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vapor phase epitaxy on defect-reduced AlN/sapphire templates.12
The laser structures, designed for optical pumping, contain a 500 nm
thick Al0.8 Ga0.2 N bottom cladding layer, a 30 nm thick Al0.7 Ga0.3 N
waveguide, and an unintentionally doped threefold MQW consisting of 2.2 nm thick AlGaN quantum wells and 5 nm thick
Al0.7 Ga0.3 N barriers as well as an 85 nm thick Al0.7 Ga0.3 N top waveguide. Asymmetric (10.5) x-ray diffraction analyses exhibit a pseudomorphically strained heterostructure without indication for relaxation.13 After scribing and cleaving of individual laser bars, the
optical gain was determined by the variable stripe length method
(VSLM) using a 193 nm emitting ArF excimer laser source with
stripe shaped non-resonant excitation. The emitted light from the
facet was detected using a fiber-coupled spectrometer. The simulations have been carried out in a single QW setup with the infinite barrier Al0.7 Ga0.3 N boundaries. Figure 3 shows the experiment (dots) in comparison to the calculations for three different
pumping levels. A striking feature of the experimental spectra is
the gain maximum staying constant at all three pumping levels.
As the excitation of the structure is done optically at the energy
above the barrier energy, it is assumed that in the barrier regions,
a high carrier density is present, which is able to screen the polarization fields to a large degree. Therefore, the polarization charges
in the simulation have been scaled to 20% of the original values
to account for the barrier screening effect. This way, the gain peak
evolution with carrier density follows the experimentally observed
characteristic.
In addition, the experimental data show a much more pronounced spectral broadening compared to the calculation. This can
be attributed to the compositional fluctuations in the ternary material.8 In order to account for this in the simulation, the gain spectra
are convolved with a Gaussian function with a FWHM broadening
of σ inh . In the case of the sample under investigation, a broadening
of σ inh = 39 meV is used as a fit parameter.
Spectral broadening of the optical emission is composed
of homogeneous and inhomogeneous components. Homogeneous
broadening is caused by dephasing of the interband transition due

FIG. 3. Comparison of experimental gain (dots) with simulation of TE gain (solid
lines and dashed lines are TM polarization). Densities are (from low to high) n = p
= 4.2, 4.8, 5.0 × 1019 cm−3 . Simulations include inhomogeneous broadening with
a FWHM of 39 meV.
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to carrier–carrier and carrier–phonon scattering. In our simulations, carrier–carrier scattering is included within the second Born
approximation, phonon effects are neglected. The latter have shown
to modify the gain characteristics slightly,14 which could explain
the deviation of experiment and simulation at the low-energy tail.
In order to understand the spectral gain shape, the homogeneous
broadening energy is extracted from the simulation. This is done by
replacing the gain calculation by a free carrier model, as described
in Ref. 15. Figure 4 plots the resulting spectral gain for the different models, with the same material parameters and band structure
model. At a carrier density of n = p = 5.1 × 1019 cm−3 , the free
carrier model gain is peaking at 4.72 eV, while the second Born
calculation peaks at 4.61 eV. For the latter, a slightly lower density of n = p = 5.0 × 1019 cm−3 has been chosen. The free carrier
model includes homogeneous broadening with a heuristic hyperbolic secant function, with a FWHM energy of Ehom = 10 meV. The
dashed line in this figure is the free carrier result, shifted to the red
by ΔE = 110 meV, with a good match to the second Born result.
Three major conclusions can be made: the energy red shift from the
bandgap renormalization effect at carrier densities typical for lasing operation is in our case larger than 100 meV. In addition, the
peak gain enhancement due to the Coulomb interaction of the carriers is 10% and hence the slight increase in carrier density for the
free carrier model. Finally, the homogeneous broadening calculated
in the second Born model can be approximated in the free carrier model by a heuristic hyperbolic secant function, with a FWHM
energy of Ehom = 10 meV. With these modifications, the free carrier
theory can therefore represent the much more complex many-body
calculation reasonably. The dotted line in Fig. 4 shows the experiment, together with the inhomogeneously broadened second Born
result.

FIG. 4. Comparison of gain models. Right solid curve: free carrier theory (FCT)
with a sech-lineshape homogeneous broadening (10 meV FWHM). The second
Born calculation has a red shift of ΔE = 110 meV and higher peak gain due to
exciton enhancement. Dashed curve: FCT model artificially shifted by ΔE. Dots:
experimental data, together with the inhomogeneously broadened second Born
result.
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V. QUANTUM WELL THICKNESS
Next, the quantum well thickness is varied, and gain is evaluated without inhomogeneous broadening. The thickness of the well
varies between 1.5 nm and 9 nm, and the maximum wavelength
of the gain spectrum is targeted to 270 nm, with varying Al content. The barriers are Al0.9 Ga0.1 N, and the infinite barrier setup is
assumed with respect to the boundary conditions.
Figure 5 shows the maximum of the spectral material gain vs
carrier density for the different well thicknesses. For the thin wells
at 1.5 nm and 2.0 nm, peak gain rises approximately linearly with
density. Besides the increase of the quasi-Fermi level separation,
the gradual screening of the polarization charges is responsible for
increasing gain. The gain relations for thicknesses of 3.0 nm and
4.0 nm are missing. For these thicknesses, the inversion carrier density is larger than 6.0 × 1019 cm−3 in the simulation. From a thickness
of 5.0 nm upward, the inversion density decreases and high differential gain can be observed, which is surprising. The underlying
mechanism is illustrated in Fig. 6. The stimulated emission basically
comes from inversion from the higher energy levels, in this case,
the second conduction band (CB2) and second heavy hole (HH2)
band. The lowest eigenstates are still well populated, but they show
a low overlap integral between electron and hole states. Their maximum density is located at the well–barrier interface; therefore, they
screen the polarization charges and allow a flat band situation in the
well center. Therefore, a large overlap integral, i.e., matrix element,
can be observed for the CB2 and HH2 eigenstates. High optical gain
can therefore only result from the lowest energy states screening the
polarization charges and at the higher eigenstates being populated
strongly for inversion. An example for this mechanism is shown in
Fig. 6 for a well width of 9 nm. The lowest wavefunction for electrons is at the right interface for holes at the left interface. The CB2
and HH2 wavefunction are located in the center of the well.
The matrix elements in momentum space at inversion are
shown in Fig. 7. Here, the HH2–CB2 transition dominates; the
HH1–CB1 matrix element is negligible and not shown in the graph.
For QW thicknesses from 5 nm to 9 nm, the carrier density for
large stimulated emission decreases, as shown in Fig. 5. This can be

FIG. 6. Conduction and valence band of QW with 9.0 nm thickness emitting at
around 270 nm with the AlGaN barrier containing 90% of Al at a carrier density of
n = p = 5.0 × 1019 cm−3 . The red and black lines are the square of the first and
second conduction sub-band wave functions, and the blue dashed lines indicate
the respective heavy hole wave functions. The lower energy sub-bands peak at the
well–barrier hetero-interface, while the second sub-bands peak in the well center
with a large overlap.

FIG. 7. TE transition matrix element of 9.0 nm QW emitting at 270 nm at a carrier
density of n = p = 5.0 × 1019 cm−3 . Optical gain is supported by the CB2–HH2
transition.

explained by the energy spacing of the higher sub-bands, which is
decreasing with wider wells. Hence, they are easier to populate even
at moderate densities.

VI. CONCLUSION

FIG. 5. Maximum material gain for the AlGaN QW emitting at 270 nm, with
Al0.9 Ga0.1 N barriers. For well thicknesses of 3 nm and 4 nm, no inversion could
be calculated at the densities shown.
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In summary, optical gain from AlGaN quantum wells (QWs)
emitting at UV wavelengths has been analyzed. The results show
that high gain active regions for UV lasers can be realized using
two strategies: thin single wells suffer from a reduced electron confinement induced by interface polarization charges, even at carrier
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densities that create inversion. In a multiple well or superlattice
setup, the periodic electric field from the polarization in the barriers improves the electron confinement considerably with much
larger material gain. The second strategy is the use of single wells
with larger thicknesses supporting at least two bound electron levels. In this case, population of the lowest energy levels screens the
polarization charges, with the higher energy levels providing substantial gain. For a 2.2 nm QW emitting at 270 nm, homogeneous
broadening with a sech function of FWHM at 10 meV has been
calculated, and a red shift of 110 meV due to bandgap renormalization occurs. Comparison to the experiment shows a Gaussian type
inhomogeneous broadening with a FWHM of 39 meV.

DATA AVAILABILITY
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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