Optica Applicata, Vol. L, No. 2, 2020
DOI: 10.37190/0a200214

Influence of InGaN waveguide
on injection efficiency
in III-nitride laser diodes

MaTteUsz HAJDEL®, GRzEGoRZ MUZIOL, KrzESIMIR NOWAKOWSKI-SZKUDLAREK,
MARrcIN SIEKACZ, PAwer WOLNY, Czestaw SKIERBISZEWSKI

Institute of High Pressure Physics “Unipress”, PAS,
Sokotowska 29/37, 01-142 Warsaw, Poland

*Corresponding author: hajdel@unipress.waw.pl

The influence of using InGaN waveguides on blue laser diodes was theoretically studied using
1D drift diffusion model and 2D optical mode calculation. Despite of the known effect of increased
confinement of an optical mode, especially for long wavelengths, an unexpected influence on the
efficiency of carrier injection into the active region is discussed. It is found that InGaN-AlGaN in-
terface is crucial to achieving high injection efficiency. A numerical model is created, which de-
scribes the influence of InGaN waveguide and Mg doping of electron blocking layer on basic
properties of laser diodes. It is found that an increase of injection efficiency allows to reduce the
doping level in an electron blocking layer and take advantage of decreased optical losses.
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1. Introduction

The II-nitride laser diodes (LDs) are promising candidates to being reliable, cheap, and
efficient light sources for variety of applications such as general lighting, laser projectors
and data storage systems [1]. In the majority of violet InGaN LDs the GaN waveguides
(WGs) are used [2]. However, in long wavelength devices, the optical mode is less con-
fined with the active region [3—6]. The refractive index contrast between GaN wave-
guide and AIGaN claddings drops, which causes the decrease of optical confinement
factor I" [5]. Theoretical and experimental studies have shown that replacing GaN with
InGaN WGs can increase the confinement of the optical mode with the active region,
especially for lasers emitting longer wavelengths (>450 nm) [7-9]. Additionally,
InGaN WGs can be successfully used to ensure a good quality laser beam by preventing
mode leakage to the substrate [10].

The main bottleneck which prevented the commercialization of III-nitride LDs was
high optical losses caused in majority by Mg-doped layers [11-13]. This problem has
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been solved by inserting an undoped layer between quantum wells and Mg-doped lay-
ers, which decreased the overlap of the optical field with these layers. Introducing the
InGaN WGs also changes the confinement in Mg-doped layers and can reorder their
contribution to overall optical losses o;. Special attention should be given to the electron
blocking layer (EBL) since it is the highest p-type doped layer placed right after the active
region to prevent carrier overflow and ensure high carrier injection efficiency #; into
quantum wells. High Mg doping in EBL is necessary to ensure high #;. Low a; and
high #; are crucial to obtain high efficiency LD with low threshold current.

In this work we show via theoretical simulations that the InGaN WGs not only in-
crease /" and decrease losses originating from Mg doped layers but also increase #;.
This can be used to further improve the performance of IlI-nitride LDs by a decrease
of the Mg-doping level in EBL and thus obtain a reduction of a;.

2. Simulation framework

To study band diagrams and #; values of IlI-nitride LDs, the 1D drift diffusion model
simulation was performed using SiILENSe 5.4 software [14]. 2D optical waveguide cal-
culations were performed by CAMFR module [15]. Based on the refractive index profile,
the optical mode distribution was calculated and used to estimate confinement factors.
A simple linear model correlating Mg concentration with light absorption was assumed.
Based on our previous experimental study, a relation oy, = 112 cm? x Mg concentration
(in units of 10'” cm™) was determined [16].

The considered structure is shown in Fig. 1 and consists of 700 nm Al ,; Ga, 3N:Si
bottom cladding and 100 nm GaN:Si — both layers have a silicon doping level of

100 nm Au

Sio, 65 nm Ing g,Gap ggN:Mg | SiO,
VI 600 nm Aly 4,Gag ggN:Mg

\Y 100 nm GaN:Mg
Il 20 nm Aly 43Gag g7N:Mg

Il 110 nm Ing 04Gag ggN
I 25 nm Ing 17Gag g3N
Il 110 nm Ing 0,Gag ggN

v 100 nm GaN:Si

VIl 700 nm Alg o;Gag g3N:Si
50 nm GaN:Si

100 um GaN substrate

100 nm Au

Fig. 1. Schematic of the simulated structure.
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Fig. 2. Calculated 1D optical field distribution for LD with In, (,Ga, osN waveguide (solid line) and
GaN waveguide (dashed line); insert presents 2D map of optical field for LD with In, (,Ga, N waveguide.

2 x 10" cm™. Waveguides are 110 nm In, Ga, N undoped layers with x changed from
0 to 12%. On the top of the upper waveguide there is a 20 nm p-type Al ;Gag 7N EBL.
The Mg doping concentration is changed in EBL in the range from 2 x 10'8 cm™ to
6.5 x 1019 cm™3. Next the p-type region with the doping level of 1 x 10'8 cm™ con-
sisting of 100 nm GaN and 600 nm Al (,Ga, ogN upper cladding is placed. This is
capped with 65 nm In (,Ga, ogN contact layer. The active region of LD consists of
a single 25 nm thick In; ;;Ga, ¢3N quantum well [17, 18]. An exemplary cross-section
of the optical mode is presented in Fig. 2. In calculation, the 3 pm wide and 670 nm
high mesa covered with SiO, on both sides is considered. Gold contacts are on the top

of the mesa and on the bottom of the substrate.

3. Results and discussion
3.1. Influence of InGaN waveguide on mode overlap with Mg-doped layers

As was previously shown, replacing the GaN with InGaN waveguide in III-nitride LD
increases the confinement of the optical mode with the active region, because of higher
refractive index of InGaN [7, 9]. The increase of mode confinement with the active
region also changes the confinement factors /™ in other layers, so the overall contribu-
tion of these layers to total a; will change. This is extremely important for designing
LD structure with low optical losses. The changes in confinement factors of quantum
well (QW), WGs, EBL, and layers adjacent to the QW as a function of indium compo-
sition in WGs are shown in Fig. 3.

The obvious consequence of increasing indium content in waveguides is an increase
of I" with the active region (black solid line in Fig. 3), which should have a positive
influence on device performance by decreasing threshold current density j,;,. However,
one has to remember that all confinement factors are influenced. The most important
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Fig. 3. Dependence of confinement factors of different layers on In content in waveguide.

are the waveguide itself and Mg-doped layers. The I” of waveguide is equal to 0.552
and 0.667 for x = 0.00 and x = 0.10, respectively. Such a high overlap of the optical
mode with WG can cause severe increase of a; if absorption coefficient ay,g,\ increases
with In content. In principle, the Urbach tail in high In content InGaN might cause some
absorption losses. However, at this point, there is still an open question due to the lack
of experimental data. In the future it is necessary to perform separate experiments to
estimate the influence of InGaN WG on a;.

We found that, in the studied range of In content of InGaN WG (from GaN WG to
10% InGaN WQ), the confinement factors of AIGaN and GaN p-type layers decreases
from 0.067 to 0.012 and from 0.092 to 0.049, respectively. On the other hand, I'gg; (grey
solid line) remains almost unchanged. It is worth noticing that / ;5; for high In content
is almost half of I'g,n.\, and even larger than /' g,n.me- Usually EBL doping is an order
of magnitude higher than other p-type layers. These two effects can lead to the domi-
nation of EBL over other p-type layers in terms of contribution to the total a;, specially
for high In content in waveguides.

3.2. Influence of InGaN waveguide on injection efficiency

We will determine now, the influence of In content in WG on electrical and carrier
transport properties. Drift diffusion simulation was used to calculate the #; and the re-
sults are shown in Fig. 4a. It is important to stress that the #; depends on current density.
For low current densities j < 200 A/cm?, the #; is close to unity up to the 8% In in the
waveguide composition. However, for higher current densities a decrease of #; is ob-
served. This drop is more significant for low In content in the waveguide. For In content
higher than 8%, the #; is lower than unity even at low current densities. This leads to
the existence of optimum value of In content in WG somewhere around 8%. For a typ-
ical operating current densities j = 3.5 kA/cm?, injection the efficiency equals 0.65,
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Fig. 4. Dependence of injection efficiency #; calculated with drift diffusion model on current density (a).
Part of conduction band profile for GaN, 8%, 12% and graded InGaN waveguide. Graded structure con-
sists of 90 nm 8% InGaN and 20 nm pre-EBL grading regime from 8% InGaN to GaN. EBL doping level
is constant Mg: 2 x 10'° cm™ (b).

0.90 and 0.68 for GaN, 8% and 12% InGaN waveguides, respectively. Therefore, for
constant doping level of EBL, the InGaN WGs, up to 8% In content, provide better
carrier injection to active region. From this point of view, the use of InGaN WGs is
beneficial for realizing efficient LD devices.

To explain the origin of the difference in #; invoked by InGaN WG, the band dia-
grams are shown in Fig. 4b. The conduction bands were calculated for j = 3.5 kA/cm?.
The energy barrier created by EBL is equal to 135, 173, and 201 meV for GaN, 8% and
12% InGaN WG, respectively. The increase of EBL barrier height is responsible for
an initial increase of 7;. However, for In content higher than 8%, #; starts to drop as
can be seen in Fig. 4a. This is a result of additional carrier accumulation in the WG
regime, which causes unwanted recombination. Interestingly, the whole positive im-
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pact of InGaN WG on #; arises only due to the difference in bandgaps at the WG and
EBL interface. To show it, we have performed calculations on structure consisting of
8% InGaN WG but the composition is graded from 8% to 0% on the last 20 nm.
The resulting structure has an interface between WG and EBL consisting of GaN and
AlGaN. Grading WG exhibits a similar /" as 8% InGaN but #; values are exactly the
same as in the case of GaN WG. Therefore realization of the interface between AlGaN
and InGaN is crucial for ensuring high #;. Similar effect of an increased carrier injection
was observed if an InGaN layer is introduced between GaN WG and AIGaN EBL [19].
Then, an InGaN-AlGaN interface is formed.

As was mentioned previously, one of the drawbacks of using InGaN waveguides,
despite technological issues in growing high indium content thick layers [20, 21], is high-
er carrier accumulation [19, 22]. MEHARI ef al. [22] found that in semipolar InGaN LDs,
when a part of GaN waveguide is replaced by InGaN layer, carriers accumulate in WG.
The carrier concentration in the order of 10! cm™ was found to decrease #; due to
unwanted recombination of carriers. This problem can be solved by starting WG layer
with InGaN without the unintentionally doped GaN layer. In Fig. 5 the band profiles
and carrier concentrations of previously described 8% InGaN WG structure and struc-
ture with 20 nm GaN layer placed between QW and InGaN WG are shown. When GaN
layer is present, the carrier concentration in InGaN WG equals 6 x 10'® cm™. By using
fully InGaN waveguide, the carriers do not accumulate and concentration drops by an
order of magnitude. The relative EBL barrier height is the same in these two structures.

0.2 T d T T T ' T T T a
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% 0.0 %
~ S g g
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g \
L \
20 nm GaN + 90 nm InGaN
-0.4 N
| : | ’ | y ] L | + |
g T N T N T v T v T N T ; b
1020 , 8% InGaN WG ,
—— 20 nm GaN
F +90 nm InGaN WG 3
108 kf -

Waveguide Qw Waveguide

106 |

Electron concentration [cm™3]

1014 C 1 L 1 . 1 L 1 L 1 L
920 960 1000 1040 1080 1120

Transversal coordinate [nm]

Fig. 5. Conduction band profile (a) and electron concentration (b) in waveguide layers for structures with
full 8% InGaN (black line) and with GaN layer between QW and WG (grey line) for j = 3.5 kA/cm? based
on drift diffusion simulations.
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Fig. 6. Calculated injection efficiency as a function of EBL doping level for different InGaN waveguide
compositions for current density 3.5 kA/cm? (a), and 1 kA/cm? (b).

Because of the influence of WG composition on the EBL height, the doping level of
EBL has to be also discussed since doping itself strongly affects the barrier height [16].
As was discussed in Section 3.1, the EBL contribution to ¢; for high In content WGs in-
creases, so desirably the Mg level should be kept as low as possible. Figures 6a and 6b
present the calculated dependence of #; on Mg doping for current densities of 3.5 and
1 kA/em?, respectively. For j = 3.5 kA/cm? and high Mg doping (Mg > 4 x 10 cm™),
the 7, is close to unity. For Mg doping Mg =2 x 10" cm™, the #; is still close to unity
only for 8% InGaN WG. Therefore for lower InGaN compositions the #; drops. As a re-
sult, one can achieve equal 7; for GaN WG and 4.3 x 10!° cm~3 Mg concentration and
8% InGaN and 2 x 10'° cm—3 Mg. To keep the 7, on acceptable level and take advantage
of the decreased a;, the high In content WGs has to be used. The #; decrease rate is
noticeably lower for high In, thus the Mg content can be more reduced in these structures.
Even higher enhancement can be achieved if threshold current density could be lowered
to 1 kA/cm?. As can be seen in Fig. 6b, high n; can be achieved even for Mg doping as
low as 1 x 10" ¢cm™. Importantly, decrease of Jin, can be obtained by decreasing the
Mg doping level. A lower Mg level can therefore help in achieving lower j, if the #; is
kept at high values.

3.3. Modelling the operating parameters of LDs

For describing the influence of InGaN waveguides on the operation of real LD, the
parameters such as threshold current density j,;, and slope efficiency SE will be dis-
cussed. Both of them are related to #; and ¢; through [23]:

ai-i—am

dg
i I active —C—lj—

jth = +jtrans (1)
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where g is the material gain, I, ;. is the confinement factor of active region, j ., 15
the transparency current, o, are mirror losses, v is the frequency of emitted light, g is
the elementary charge, and /4 is the Planck constant; a; is the sum of losses originating
from highly doped EBL agp; and additional losses from other layers . The Mg doped
layers absorption coefficient oy, is assumed to increase linearly with Mg doping
through the relation ¢y, = 112 cm? x Mg concentration (in units of 10! cm=3), which
was found in our previous paper [16]. The app; for Mg: 2 X 10" cm™ equals 5.4, 5.9,
and 6.2 cm™!, for 8%, 4% and 0% InGaN WG, respectively. Internal losses that orig-
inate from all other layers expect to be EBL are assumed to be a product of absorption
coefficients and calculated confinement factors. Due to the low doping in other layers,
the a, is independent of WG composition and is equal to a5 = (9.5 = 0.05) cm !
The model lacks a dependence of absorption in InGaN WG on In composition.

Taking into consideration that #; and /" change with In content in WG, the theo-
retical j;, and SE values were calculated and presented in Figs. 7a and 7b. There is
an interplay of #; and ay;, which causes a complicated dependence of j;, and SE on
Mg doping level in EBL. In the low doping regime, the jy, is high and SE is low due
to electron overflow and thus low #;. As the doping level is increased, j,;, and SE both
improve up to a point, in which the increase in #; is insignificant. Then an increase in jy,
and decrease of SE can be observed due to increasing ayy,.

General enhancement of LD operating parameters for high In composition is ob-
served due to the increased /™ and #;. The #; decrease rate is slower for higher In contents
thus the shift of the optimum Mg doping level towards lower doping concentration is
observed. From this analysis the optimum doping points for different In compositions
are extracted and presented in Fig. 8 with black circles. Consequently, optimum device

6
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Fig. 7. Dependence of threshold current density (a) and slope efficiency (b) on EBL Mg doping level.
LD operation wavelength is 450 nm. Resonator length is 1000 um. Cleaved uncoated mirrors are assumed.
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operation with GaN WGs requires higher Mg doping and therefore high optical losses
are present. The high In structures have lower j,;, which stands in agreement with pre-
vious experimental reports [8]. For devices with lower j;,, the observed difference be-
tween different WG designs is expected to be smaller since #; decrease rate is smaller
as can be seen in Fig. 6b. However, in devices with high In content WG, an additional
source of optical losses may appear. To test the influence of absorption by InGaN WG
on optimum Mg doping of EBL, we have assumed a linear increase of absorption co-
efficient with In content. In this model the absorption coefficient linearly increases with
In content in such a way that 4% InGaN absorption coefficient increases by 10 cm™!
and 8% InGaN by 20 cm™'. This is in our opinion an upper limit for undoped layer.
The results are shown in Fig. 8 with grey circles. The linear decrease of optimum
Mg doping in EBL on InGaN WGs composition is observed in both cases.

4. Conclusions

The influence of different compositions of InGaN waveguide on injection efficiency
in [II-nitride LDs was discussed. It is found that the increase of In composition in wave-
guides effectively increases the barrier of EBL and prevents the electron overshot. We
found that the application of InGaN waveguide can allow to reduce the Mg doping level
in EBL and thus reduce the optical losses originating from this layer. The important
role of InGaN-AlGaN interface in keeping high #; was discussed. The high In content
in InGaN WGs ensures also higher mode confinement in the active region and lower
in layers causing high optical losses. Presented aspects lead to the increased perfor-
mance of LD with InGaN WGs in comparison to the GaN ones.
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