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Simulations of blue and green laser diodes with InGaN quantum wells are presented. In this study, a particular
emphasis on efficiency and optical power of the structures was placed. Effect of the aluminum content in an electron
blocking layer on the electron overflow and efficiency is discussed. Substantial decrease of efficiency of laser diodes
is reported for low aluminum levels. It is also shown that polarization charges existing in AllnGaN heterostructures
grown on GaN polar direction and low ionization degree of magnesium acceptors lead to high resistance of these

devices.
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1. Introduction

Green and blue laser diodes based on the gallium
nitride are of interest to experimental and theoretical
physicists. Growth methods of these devices and prin-
ciples of their operation are the subjects of studies at the
present time. Applications result in requirement of pow-
erful and effective lasers. To make devices more efficient,
it is necessary to study still unknown physical mecha-
nisms. The computational power of contemporary com-
puters allows to perform fast numerical simulations [1, 2],
which can be used to determine physical phenomena gov-
erning operation of such devices.

In our research we focus on problems with operation of
such devices from the perspective of the electric proper-
ties and the carrier flow. First, we discuss the aluminum
doping level in the electron blocking layer (EBL). High
aluminum concentration increases a barrier for electrons,
reducing the electron overflow and preventing them from
escaping the active region. On the other hand, growth
conditions of such layers are different than InGaN quan-
tum wells (QW), so introducing high aluminum concen-
tration may lead to degradation of QWs. Our aim is
therefore to determine optimal Al level, where the elec-
tron overflow is minimized and the aluminum content is
possibly low.

Then, we pass to the problem of magnesium doping
in the p-type region. Since Mg acceptors have high ac-
tivation energy, it is natural to improve conduction in
the p-type region by high Mg concentration. However,
this approach may lead to growth problems or the light
absorption [3]. Therefore, we would like to study the ben-
efits of high Mg concentration, to determine whether it
is worth of taking this parameter into account and which
doping level to use.

These effects hinder the carriers from reaching an active region and consequently they impose high

2. Structure

Simulations presented in this paper are based on the
following example of the laser heterostructure. It starts
with one microm n-GaN layer, followed by 550 nm
n-Algy, Gagoyy N cladding and 100 nm n-GaN wave-
guide. Then the active part consists of a 20 nm n-
In; 5,Gagg 54N layer, a 4 nm undoped In;79Gagzy N
quantum well and a 22 nm n-In;¢,Gaggy N cap. It is fol-
lowed by a 20 nm p-AlGaN EBL, a 100 nm p-GaN wave-
guide, a 400 nm p-Algy,Gagayy N cladding and a 30 nm
p-GaN contact layer. Information on the details of the
model and numerical methods used by us may be found
in Refs. [4, 5].

3. Aluminum content in EBL

Our first problem is to determine the optimal level of
aluminum doping in the electron blocking layer. We per-
formed simulations of the laser structure from Sect. 2
with aluminum content in the EBL varying from 0 to
30%. Results are presented in Tables I and II. Increasing
aluminum content generally also increases efficiency of
the device, but only up to a certain level. For example,
under 5 V bias we reach the maximum of 55% efficiency
for 15% Al in the EBL.

The explanation of these phenomena is as follows.
Lower Al content decreases the barrier for electrons, al-
lowing them to escape from the active region to the p-
type region. Then, they either recombine with abundant
holes in the p-type region (recombination loss), or they
reach the contact. In the latter case the electrons gen-
erate energy loss not only at the contact, but also along
their way through the p-type region, as the potential dif-
ferences for biases larger than 4 V are quite significant
there (conduction loss).
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TABLE I

Simulation results of the laser structure (Sect. 2) versus
aluminum content in the electron blocking layer for 5 V
bias. I stands for the current. Optical power is estimated
by the radiative recombination amount in the QW multi-
plied by the band gap. Power loss accounts for the radia-
tive recombination outside the QW, non-radiative recom-
bination on the whole device, recombination of overflow
carriers on contacts and the resistance.

Power Optic
EBL Al I[A] loss [W] power [W] Eff.
0% 0.364 1.713 0.108 6%
3% 0.528 2.471 0.167 6%
6% 0.373 1.551 0.313 17%
9% 0.235 0.740 0.435 37%
12% 0.169 0.411 0.435 51%
15% 0.155 0.349 0.424 55%
20% 0.147 0.328 0.408 55%
30% 0.134 0.298 0.369 55%
TABLE 11

Simulation results of the laser structure (Sect. 2) versus
aluminum content in the electron blocking layer for 6 V
bias.

Power Optic
EBL AL | T[A] loss [W] | power [W] Bt
0% 0.689 3.949 0.185 4%
3% 0.679 3.846 0.230 6%
6% 0.650 3.424 0.475 12%
9% 0.481 2.125 0.762 26%
12% 0.296 1.039 0.739 42%
15% 0.266 0.868 0.727 46%
20% 0.255 0.824 0.709 46%
30% 0.240 0.776 0.665 46%

It is also interesting why the conduction loss is much
greater than the recombination loss for 5 V and 6 V
bias. Intuitively we could expect any escaped electron
to recombine in p-type region due to abundance of holes.
However, due to the electric field, the concentration of
electrons is several orders of magnitude smaller than the
hole concentration and they move rapidly. Even if they
recombine, they still travel to the contact losing its en-
ergy, forming holes traveling in the opposite way.

For the optical power, we observe a different pattern:
it also increases rapidly up to a maximum level, but then
it slightly drops with the Al content. For example, under
5V bias, the maximal optical power is reached for 9-12%
Al. This is an additional problem with a high Al content
in EBL, as it also creates a certain barrier for holes. It is
disadvantageous, as it prohibits holes from reaching the
active region. Note that in general increasing the EBL
barrier leads to lower total current.

We have also performed simulations of the laser struc-
ture with 8% In in the cap (Table III), to study a more
general setting. Then the barrier on the cap/EBL inter-

K. Sakowski et al.

TABLE III

Simulation results for the laser structure (Sect. 2) versus
aluminum content in the electron blocking layer for 5 V.
Indium content in the cap was increased to 8%.

Power Optic
EBL AL | T[A] | 0 Wl | power w] | EF
0% 0.408 1.602 0.439 22%
3% 0.212 0.557 0.501 4%
6% 0.183 0.424 0.491 54%
9% 0.177 0.404 0.482 54%
12% 0.174 0.396 0.473 54%

face is higher for the same aluminum content in the EBL.
The general trend is similar as in the previous case, but
then the maximal efficiency/optical power is reached for
3-6% Al in EBL.

These two examples lead to the conclusion that the
aluminum content in EBL should be chosen in accordance
to the material in the n-type cap preceding the EBL.
Higher indium content allows for decrease of Al content
in EBL.

4. Mg doping of p-type region

In this section we would like to discuss the role of mag-
nesium acceptor doping on operation of laser structures.
In simulations we use the structure described in Sect. 2
with variable Mg concentration in the p-waveguide and
p-cladding. The length of n-cap was also shortened to
2 nm to reduce impact of the recombination loss on the
simulation. The indium content in the quantum well is
25% and the aluminum content in the EBL is 20%.

Results are presented in Table IV.

TABLE IV

Simulation results for the laser structure (Sect. 4) versus
magnesium concentration in the p-type region 5 V and
6 V bias.

Mg conc. Power Optic Resist.
[em™3] TIA] loss |[W] | power [W] Eff. Q]
U=5[V]

1018 0.004 | 0.008 0.010 54% | 1355
5x 10'® | 0.046 | 0.105 0.125 54% | 109

10*° 0.075| 0.171 0.204 54% 67
3x 10 [0.137| 0.313 0.374 | 54% 36
5x10'° |0.175| 0.399 0.476 54% 29

U=6[V]

10'8 0.016 | 0.052 0.043 45% | 376
5x 10'® | 0.099 | 0.323 0.269 45% 61

10*° 0.155 | 0.509 0.423 45% 39
3x 10" |0.284 | 0.932 0.774 | 45% 21
5% 10 [0.365| 1.198 0.995 | 45% 16

We observe that the optical power of the device in-
creases with the Mg doping. Such a result is expected,
as generally it is a consequence of the high activation en-
ergy of the magnesium acceptor. However, a more subtle
factor is related to polarization charges on interfaces of
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laser structures. Note the resistance in function of the Mg
concentration. We observe the decrease of the resistance
of the structure when we increase the Mg concentration,
but the most spectacular difference is between concen-
trations 10'® cm™3 and 5 x 10'® ecm—3. High resistance
for 10'® cm~3 is caused by the polarization charge on the
waveguide/cladding interface (see Fig. 1).
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Fig. 1. Band diagram of the p-type region of the laser
structure for Mg doping 10'® ¢cm™2 and for 6 V bias.
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Fig. 2. As Fig. 1 for Mg doping 10*° cm™3.
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It pushes out holes away from the interface deep into
the waveguide and increases greatly the resistance of the
depleted fragment. As a consequence, most of the poten-
tial difference is located in the waveguide. If we increase
the concentration of holes, this polarization charge will
be screened and its impact on the resistance can be sig-
nificantly reduced (see Fig. 2).

Note that the resistance decrease has no noticeable in-
fluence on the efficiency of the device, as it does not in-
crease the carrier overflow.

The conclusion of these results is to use the highest
possible magnesium concentration in the p-type region.
Please note, however, that the numerical model used in
this study does not account for increased absorption in
such case, which could make the device less efficient in
real experiments. Also growth of highly Mg-doped layers,
depending on a growth method, may lead to severe prob-
lems, like the polarization inversion or acceptor passiva-
tion. Therefore, we suggest to make the concentration
possibly high, but the actual concentration level should
be adjusted experimentally and may vary depending on
the growth method.
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