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We investigate influence of Mg doping concentration and the thickness of electron blocking layer on properties
of InGaN-based laser diodes grown by plasma-assisted molecular beam epitaxy. Using simple measurements of
light-current characteristics and simulations, two main conclusions are drawn. First one — the Mg dopant is
responsible for optical losses, as in the case of the laser diodes grown by metalorganic vapor phase epitaxy. Second
one — the low Mg doping causes electrons to overflow through electron blocking layer. Additionally, tunneling is
proposed as an escape mechanism of carriers from active region for thin electron blocking layer.
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1. Introduction

InGaN based laser diodes (LDs) are attracting a lot
of attention as efficient light emitters for displays, data
storage, and general lighting [1]. The crucial parame-
ter that limits the output power of III-nitride LDs are
the internal optical losses (a;). First InGaN LDs suf-
fered from high o; ~ 40 cm™! [2, 3] and because of
that the maximum values of optical power in the or-
der of 100 mW. Nowadays, state of the art LDs have
a; = 1 cm ™! and the maximum optical power is 7.2 W [4].
It was shown that, in the case of InGaN-based LDs, the
high «; originates from light absorption in the Mg-doped
layers [5-11].

Calculation of Kioupakis et al. have shown that ab-
sorption cross-section of Si and Mg do not differ much.
However, the higher concentrations of Mg dopant used in
III-nitride LDs might have the dominant impact on large
a; values [9, 10]. Due to high activation energy of Mg
atoms, the concentration of Mg has to be high enough to
ensure sufficient electrical conductivity of p-type layers.
In case of III-nitride LDs the most highly Mg-doped layer
is the electron blocking layer (EBL). It is introduced af-
ter the active region to block the overflow of electrons
that comes from the difference in mobility of electrons
and holes in GaN [12, 13]. Without this Mg-doped layer
the injection efficiency (7);) of carriers into the active re-
gion would be low, and the overall efficiency of the LD
will drop. It was shown that in order to reduce the total
a; one can introduce an undoped layer placed between
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active region and p-type doped layers [8, 11]. It decreases
the optical confinement factor of Mg-doped layers (I'vg)
and thus decreases the «; leading to an improvement in
threshold current density (j:,) and slope efficiency (SE).
However, after a certain thickness of the undoped layer
is reached the 7; starts to drop leading to an interplay
between a; and 7;. This makes the designing of p-type
layers a crucial issue for developing high performance LD.

Majority of the papers have reported the LDs grown
by the metalorganic vapor phase epitaxy (MOVPE) tech-
nique. Recent advancement in the plasma assisted molec-
ular beam epitaxy (PAMBE) technology in the growth of
II-nitride LDs, especially the demonstration of LDs with
the lifetime of 100 000 hours [14], allows us to answer
the question whether the Mg dopant also causes optical
losses in PAMBE-grown LDs. Maybe there are additional
sources of absorption present only in MOVPE-grown or
in PAMBE-grown LDs. Answer to these questions should
verify whatever the current understanding of sources of
absorption in high power LDs is correct.

In this paper we experimentally investigate the role of
Mg-doping level and thickness of EBL on InGaN-based
LD parameters such as j;, and SE. Based on experimen-
tal data and simulations, a model describing the impact
of Mg on «; and 7; is also proposed.

2. Experimental

The LDs were grown in metal-rich conditions by
PAMBE, using a VG V90 reactor, on commercially
available LUMILOG GaN substrates with threading
dislocation densities of the order of (1-5)x107 cm™2.
LD structure is presented in Fig. 1a. It consists of 700 nm
Alp.07Gag.93N:Si bottom cladding and 100 nm GaN:Si
layer with Si concentration of 2 x 10'® cm™3. Bottom and
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Fig. 1. (a) Structure of studied LDs. The doping and
thickness of EBL are varied. (b) Exemplary L-I charac-
teristics of measured LDs.

upper waveguides are undoped Ing gsGag.goN layers with
thickness of 80 nm and 60 nm, respectively. The active
region is a 25 nm thick Ing 17Gag g3N quantum well [15].
At the end of the InGaN waveguide the EBL consist-
ing of Alp.13GaggsN:Mg is placed. Upper cladding is
a 500 nm p-type GaN with Mg doping concentation of
1 x 10'® em~3. This is followed by a TJ [16] capped with
GaN:Si contact layer. Two sets of samples were realized
with different designs of EBL. In the first set, the Mg
doping levels were changed (0.7,1.5,3,6) x 10'? cm ™3 for
a 20 nm thick EBL. In the second set, the doping level
was constant at 1.5 x 10! cm ™2 and the thickness was
changed, i.e., (5, 10, 20) nm. More details on growth and
processing of the devices can be found in [17].

To study the influence of EBL design on properties of
LDs the light—current (L—I) characteristics of grown sam-
ples were measured using an integrating sphere. To avoid
the heating effects measurements were done under pulse
operation with pulse length of 200 ns. Exemplary L-I
curves are shown in Fig. 1b. To accurately determine the
influence of EBL design in EBL tens of LDs for each sam-
ple were measured and j;;, and SE values were estimated
and then averaged. To obtain insight into the physical
processes taking place in the LD the band diagrams and
7; of grown devices were simulated using SiLENSe soft-
ware [18]. Optical mode distribution and confinement
factors were calculated using a 1D model [19].

3. Results and discussion

3.1. Mg doping concentration in EBL

Averaged values of j;, and SE of LDs with different
Mg doping of EBL are presented in Fig. 2a and b, re-
spectively. The error bars depict the standard deviation
among the measured devices. For the highest Mg doping
the ji; and SE are equal to 4.62 kA cm~2 and 0.359 W /A,
respectively. When the Mg doping is lowered, both j:
and SE show an improvement. To understand how Mg
influences the internal properties of LDs the following
model has been created. The j;;, and SE are related to

the internal properties by
QG +

I'n; (%)
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where «,,, are mirror losses, I" is the confinement factor
of active region, g is the material gain, jiyans is the trans-
parency current, v is the frequency of emitted light from
device, ¢ is the elementary charge, and h is the Planck
constant.
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Fig. 2. Dependence of: (a) threshold current density
and (b) slope efficiency on Mg doping level in EBL.

To model the impact of Mg doping on optical losses
the optical confinement with EBL (I'ggy,) has been cal-
culated. Figure 3 presents the optical mode distribution
with the shaded area representing the part of the opti-
cal mode involved in light absorption in EBL. The cal-
culated value of I'gpy, is 4.37%. A linear dependence
between the absorption and Mg concentration has been
assumed by a relation apg = 112 cm~2x Mg concentra-
tion (in units of 10! em=3). Additionally, residual op-
tical losses of oy = 9.5 cm™! are fitted. The calculated
dependence is presented in Fig. 2 as a dotted line. As can
be seen, the change of j;;, and SE in the regime of high Mg
doping (Mg > 2 x 10! cm™3) can be explained solely by
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Fig. 4. Calculated conduction band of the LDs with

the change in the optical losses due to absorption on Mg.
However, for lower Mg concentrations a growing discrep-
ancy between this model and the experimental data is
observed.

To understand this behavior we have used the SiILENSe
5.4 package [18] equipped with a one dimensional drift
diffusion model. Figure 4 presents the calculated conduc-
tion band profile of the LDs with Mg doping of 0.7 x 10'?
and 6.0 x 10 em™3. Only the vicinity of the QW and
EBL is shown. As can be seen the change of the doping in
EBL strongly changes the energetic barrier (Ep) in the
conduction band which is used to prevent the electron
overflow to the p-type region. The value of EFp decreases
from 204 to 105 meV when the Mg doping is changed
from 6.0 x 10" to 0.7 x 10" cm™3. Such a change affects
the injection efficiency. Figure 5 presents the calculated
dependence of 7; on current density for several doping
levels and thicknesses. For low current density the n; is
independent of the EBL design and is equal to 1, which
means that all electrons recombine in the QW region. As
the current density is increased, a drop in 7; is observed.
This results in a decrease of 7; for low Mg doping as it
is shown in the inset in Fig. 5 for a fixed current density
of 3 kAecm™2. Taking into account the change of 7; with
Mg and assuming a constant «; the j;, and SE can be
well modeled in the low Mg doping regime as shown by
dashed line in Fig. 2. A model combining the change of
both n; and «; with Mg is constructed and plotted as a
solid line in Fig. 2. This model is in good agreement with
the experimental data indicating that both n; and «; are
affected when the Mg doping level in the EBL is changed.
It is important to note that in the model the same fit-
ting parameters are used to describe both the effects
on ji, and SE.

Based on the proposed model an optimal value of dop-
ing in the EBL can be predicted. For a considered struc-
ture it is equal to 1.8 x 10** ecm 3. It is worth mentioning
that for different structure designs this value can vary, es-
pecially if the EBL and/or InGaN waveguide composition
are changed, affecting 7; [20].

the highest and the lowest Mg doping concertation.
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Fig. 5. Simulated dependence of injection efficiency on

current density for different Mg doping level for 20 nm
thick EBL (and for different thicknesses for a constant
doping of 1.5 x 10'® em ™ — dashed and dash-dot lines).

3.2. EBL thickness

In the second set of samples the EBL thickness is
changed. This should affect the optical losses. The reduc-
tion of EBL thickness reduces I'gpr, from 4.37% to 1.28%
and consequently the o; from 16.8 cm™! to 11.5 cm ™! for
20 nm and 5 nm, respectively. The measured j;;, and SE
are presented in Fig. 6. The decrease of the EBL thick-
ness caused a significant increase of j;;, and a decrease
of SE. To understand the unexpected change in j;; and
SE once again the band profiles and injection efficiency
were calculated. In Fig. 7 one can see the conduction
band profile. The height of the energetic barrier remains
unchanged, however, its width decreases. The calculated
current density 7n; is presented in Fig. 5. Its slight in-
crease can be seen when the EBL thickness is reduced.
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Fig. 7. Calculated conduction band of the LDs with
the EBL thickness of 5, 10 and 20 nm. Arrows indicate
the electron flow paths.

The model describing the calculated change of a; and n;
with Mg doping level is presented as a solid line in Fig. 6.
The model, based on drift diffusion theory, predicts a de-
crease of j;, and an increase of SE for low EBL thick-
nesses. Surprisingly, the experimentally measured values
show an opposite trend to the presented model.

To correctly describe the experiment we propose an
additional effect: tunneling of electrons through EBL.
If the EBL thickness is insufficient, a part of the elec-
tron current might tunnel even though the height of
the energetic barrier remains constant (shown by an ar-
row in Fig. 7). A simple model of reduction of n; by tun-
neling is described by

n=n;(1-1T), (3:3)
where T is tunneling probability. In general, it could be
described also as an exponential function dependent on
the barrier thickness d, i.e.,:

T =e k4, (3.4)
The model including the change of 7, and «; with EBL
thickness is presented in Fig. 6, as a dotted line. The fit-
ting parameter is k = 0.16. This concept qualitatively ex-
plains the drop of SE and the increase of j;;, observed for
low EBL thickness, indicating also that the drift-diffusion
model fails at thicknesses below 20 nm. Further work has
to be done to verify whether the 20 nm EBL is sufficient
to prevent tunneling.

4. Summary

The influence of Mg doping and thickness of electron
blocking layer on threshold current density and slope
efficiency of InGaN LDs was studied. It was found
that Mg is responsible for optical losses in LDs grown
by PAMBE. Decrease of Mg doping in EBL improves
the performance of studied LDs. However, if the Mg
doping is too low, a decrease of injection efficiency is
observed. Additionally, a strong overflow by means of
tunneling of electrons through EBL was proposed to de-
scribe the experimentally observed change of j;;, and SE
in samples with thin EBL. Estimating the optimum Mg
doping level and EBL thickness brings us one step fur-
ther to the development of reliable high power InGaN
laser diodes.
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