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Green laser diodes (LDs) still perform worst among the visible and near-infrared spectrum range, which is called
the “green gap.” Poor performance of green LDs is mainly related to the p-type AlGaN cladding layer, which on
one hand imposes large thermal budget on InGaN quantum wells (QWs) during epitaxial growth, and on the
other hand has poor electrical property especially when low growth temperature has to be used. We demonstrate
in this work that a hybrid LD structure with an indium tin oxide (ITO) p-cladding layer can achieve threshold
current density as low as 1.6 kA∕cm2, which is only one third of that of the conventional LD structure. The
improvement is attributed to two benefits that are enabled by the ITO cladding layer. One is the reduced thermal
budget imposed on QWs by reducing p-AlGaN layer thickness, and the other is the increasing hole concentration
since a low Al content p-AlGaN cladding layer can be used in hybrid LD structures. Moreover, the slope efficiency
is increased by 25% and the operation voltage is reduced by 0.6 V for hybrid green LDs. As a result, a 400 mW
high-power green LD has been obtained. These results indicate that a hybrid LD structure can pave the way
toward high-performance green LDs. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.381262

1. INTRODUCTION

Laser diodes (LDs) based on III-nitride materials (Al, Ga, In)N
extend the wavelength of semiconductor lasers into the visible
and ultraviolet spectrum range, and therefore have been attract-
ing great attention in the past years due to their huge applica-
tions, such as information storage, laser lighting, laser display,
and recently emerging applications for atomic cooling and
metal processing [1–15]. However, semiconductor lasers with
wavelengths in the green spectrum range from 500 nm to
550 nm still perform worst among the visible and near-infrared
spectrum range, which is called the “green gap” [16–20]. Green
LDs are very important especially for display application to ob-
tain a wide color gamut. However, the performance of GaN-
based green LDs cannot meet the demand of laser display yet
and is a bottleneck. This is due to large lattice mismatch and
the difference in epitaxial growth temperatures between high-
indium-content green InGaN quantum wells (QWs) and the p-
AlGaN cladding layer. The growth temperature for green
InGaN QWs is around 700°C, while it is 950–1000°C for
the p-AlGaN cladding layer, which means a large thermal
budget imposed on InGaN QWs during epitaxial growth of
the p-AlGaN cladding layer. A large thermal budget leads to

serious thermal degradation of green InGaN QWs [21–25].
Moreover, the p-AlGaN cladding layer has poor electrical prop-
erty, especially when low growth temperature has to be used in
the green LD structure. Therefore, these issues related to the
p-type AlGaN cladding layer have to be solved to improve the
performance of green GaN-based LDs.

In order to avoid these disadvantages associated with the
p-AlGaN cladding layer, silver (Ag) metal had been explored
as a cladding layer and metal p-electrode in GaN-based violet
LDs [26]. However, since the absorption coefficient (α) of Ag is
as high as 610,000 cm−1 at 410 nm, it will induce a large in-
ternal loss of 30 cm−1, and thus the LD performance was not
improved although lasing had been achieved under electrical
injection. Indium tin oxide (ITO), which is conductive and
transparent in the visible spectrum range, has been widely used
as an electrode in GaN-based light-emitting diodes. The ab-
sorption coefficient of ITO is 2 orders of magnitude lower
than that of metal. Meanwhile, the refractive index of ITO
is around 2, much lower than that of the p-AlGaN cladding
layer, and therefore provides sufficient optical confinement
for the laser cavity. ITO can be deposited at around 300°C
or lower, and therefore replacing the p-AlGaN cladding layer
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with ITO can reduce the high-temperature growth time of the
p-AlGaN cladding layer, and thus reduce the thermal budget
imposed on green InGaN QWs. Moreover, using ITO as the
cladding layer also allows a thinner and lower Al content
p-AlGaN cladding layer to be used in hybrid LD structures,
meaning the electrical property of the cladding layer, in-
cluding hole concentration and conductivity, can be enhanced.
Therefore, hybrid GaN-based LDs using ITO as the p-cladding
layer are promising to improve the performance of GaN-based
LDs. There are a few reports about the design and fabrication
of hybrid GaN-based LDs using ITO as the cladding layer.
However, the performance is only comparable to LDs with
conventional structures [27–30].

In this work, we demonstrated that the performance of
green LDs can be improved greatly by using the ITO cladding
layer and reducing the thickness of the p-AlGaN cladding layer.
We first designed the LD structures by simulation in order to
reduce the internal loss, which was found to be dependent on
the remaining p-AlGaN cladding layer thickness and the ab-
sorption coefficient of the ITO layer. GaN-based green LDs
with an ITO cladding layer were then fabricated and charac-
terized. It was found that the threshold current density was re-
duced from 5 kA∕cm2 to 2.5 kA∕cm2 and the slope efficiency
was increased from 0.16 W/A to 0.2 W/A by using the ITO
cladding layer and reducing the thickness of the p-AlGaN clad-
ding layer. The cause for the improvement was attributed to
improved quality of green InGaNQWs due to reduced thermal
degradation imposed by the p-AlGaN cladding layer growth.

The threshold current density was further reduced to
1.6 kA∕cm2 when the average Al content of the p-AlGaN clad-
ding layer was reduced from 8% to 3.5%. Meanwhile, the op-
eration voltage was also reduced by 0.6 V. By employing the
ITO cladding layer, a high-power green LD with an output
power of 400 mW at the typical operation current density
of 9 kA∕cm2 for GaN-based green LDs has been achieved
in this work.

2. LASER DESIGN AND FABRICATION

The transfer matrix method was used to calculate the light field
distribution, the internal loss, and the confinement factor (Γ) of
our green LD structures [31]. The LD structure is shown in
Fig. 1(a). The epitaxial structure consisted of a silicon (Si)-
doped n-Al0.07Ga0.93N cladding layer; a Si-doped n-GaN layer;
a Si-doped n-In0.04Ga0.96N waveguide layer; two-period
unintentional-doped multiple quantum wells; an unintentional-
doped In0.03Ga0.97N waveguide layer; a magnesium (Mg)-
doped p-Al0.15Ga0.85N electron blocking layer; a Mg-doped
p-AlGaN cladding layer with average Al content of 8% and
3.5% and various thicknesses from 150 nm to 500 nm (p-
AlGaN/p-GaN superlattice structures with 2.5 nm p-AlGaN
and 2.5 nm p-GaN in a period were used in order to reduce
its resistivity); a p-InGaN contact layer; and an ITO p-electrode
or a palladium (Pd)/platinum (Pt)/gold (Au) metal p-electrode.

The refractive indices of (Al, In)GaN were taken from
Ref. [32], and the absorption coefficient was interpolated from
Ref. [33]. The absorption coefficients of p-AlGaN and Pd used

Fig. 1. (a) Structure of the hybrid LD with ITO cladding layer or conventional LD with Pd/Pt/Au electrode. (b) Calculated internal loss of the
hybrid LD and conventional LD as a function of p-AlGaN cladding layer thickness. (c) Calculated internal loss of hybrid LDs with various
absorption coefficients of ITO layers as a function of p-AlGaN cladding layer thickness.
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in the calculation are 50 cm−1 and 860,000 cm−1, respectively.
As for ITO, three different absorption coefficients of
1000 cm−1, 2000 cm−1, and 5000 cm−1 were used in the cal-
culation, which cover general ranges reported for ITO [34–36].
The refractive index of ITO is 1.95 at 520 nm, taken from
Ref. [37]. We will show later that the absorption coefficient
and the refractive index of ITO deposited by us and used in
our LD structure are 2000 cm−1 and 1.95 at the wavelength
of 520 nm. As for LD structures with the ITO cladding layer,
ITO acts as the p-electrode layer and part of the optical clad-
ding layer since it has a much lower refractive index than the
p-AlGaN cladding layer, and therefore has better vertical opti-
cal confinement. Figure 1(b) shows the relationship between
p-AlGaN cladding layer thickness and LD internal loss, which
was calculated by summing the product of the confinement
factor and the absorption coefficient of each layer. As for
the conventional LDs, with the decrease of p-AlGaN cladding
layer thickness, the internal loss has a significant increase which
results from the rapid increase of light absorption in metal
p-electrode since the absorption coefficient of Pd is as large as
860,000 cm−1. On the contrary, as the p-AlGaN cladding layer
thickness decreases from 500 nm down to 150 nm in the ITO
LD structures, the internal loss even decreases and then in-
creases slightly when the absorption coefficient of ITO is
2000 cm−1 and 1000 cm−1, which can be seen in Fig. 1(c),
but it is still comparable to that of the conventional LD struc-
ture with a 500 nm p-AlGaN cladding layer. Even when the
absorption coefficient of ITO is 5000 cm−1, the increase of
internal loss is negligible for the LD structure with a 300 nm
p-AlGaN cladding layer, and the increase of internal loss is only
considerate for the LD structure with a 150 nm p-AlGaN clad-
ding layer, but it is only one third of that of the LD structure
with a 150 nm p-AlGaN cladding layer metal electrode.

Three LD epitaxial structures with p-Al0.08GaN cladding
layers of 150 nm, 300 nm, and 500 nm, respectively, were
grown by metal-organic chemical vapor deposition (MOCVD)
on c-plane GaN substrates. Inductively coupled plasma dry
etching was used to form the ridge waveguide LDs. A 200 nm
silicon dioxide layer was deposited as the insulating layer using
inductively coupled plasma chemical vapor deposition on both
sides of the ridges. A 200 nm ITO layer was then deposited on
top of the ridge using electron beam evaporation at a temper-
ature of 300°C for the LD structures with 150 nm, 300 nm,
and 500 nm p-AlGaN cladding layers. About 100/500 nm of
titanium (Ti)/Au was then deposited on top of ITO as a p-pad
and 50/100/50/100 nm of Ti/aluminum (Al)/Ti/Au was de-
posited on the backside of the wafer to form the n-electrode.
For the conventional LD structure with the 500 nm p-AlGaN
cladding layer, Pd/Pt/Au was used for the p-electrode. The four
LD structures were named as samples S150, S300, S500, and
C500, respectively. The LD cavity facets were formed by cleav-
ing among the m-plane of the GaN crystal and then deposited
dielectric films.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the ellipsometer measurement curves of the
ITO layer. By fitting these curves, the absorption coefficient
and the refractive index of the ITO layer are determined to
be around 2000 cm−1 and 1.95 at 520 nm, as shown in
Fig. 2(b). These two values have been used in the simulation.
The total internal loss of ITO LDs as a function of p-AlGaN
cladding layer thickness is shown by the green curve in
Fig. 1(b). We use the circular transmission line method to
evaluate the contact resistivity between ITO and LD structures.
The current versus voltage curves are shown in Fig. 2(c) for

Fig. 2. Optical and electrical characteristics of ITO layer. (a) The ellipsometer measurement curves of the annealed ITO layer. (b) The absorption
coefficient and refractive index of the ITO layer fitted by the ellipsometer. (c) Current-voltage curves of circular transmission line method test for
various electrode spacing. (d) The specific contact resistivity fitting curve.
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various electrode spacing. The specific contact resistivity is
calculated to be 3 × 10−4 Ω · cm2, as shown in Fig. 2(d)
[27,38,39], which is comparable to that of the Pd electrode
fabricated by us.

The LD characteristics were measured by probing LD bars
under pulse operation at room temperature. The pulse width
was 0.4 μs and the repetition rate was 10 kHz to minimize self-
heating effects. The typical power–current (P–I) curves for
ITO LDs with various p-AlGaN cladding layer thicknesses
and for conventional LD are shown in Fig. 3(a). The threshold
current density of the conventional LD is 5 kA∕cm2, and the
slope efficiency is 0.16 W/A. The threshold current density re-
duces to 4.5 kA∕cm2, 2.9 kA∕cm2, and 2.5 kA∕cm2 for ITO
LDs with 500 nm, 300 nm, and 150 nm p-AlGaN cladding
layers, while the slope efficiency stays 0.16 W/A and increases
to 0.19 W/A and 0.2 W/A, respectively. The lasing spectra of
these four LDs are shown in Fig. 3(b). The lasing wavelengths
of the ITO LDs with the 500 nm, 300 nm, and 150 nm p-
AlGaN cladding layers are 506 nm, 512 nm, and 508 nm, re-
spectively, while it is 505 nm for the conventional LD. The
different wavelengths are caused by the growth temperature
variation of different MOCVD growth runs.

In order to investigate the reason for the remarkable perfor-
mance improvement, we measured the electroluminescence
(EL) intensity of the LD chips as a function of injected current
density and plotted the integrated EL intensity versus injection
current density using the double logarithmic scale, as shown in
Fig. 4. According to the total recombination equation
Rtotal � An� Bn2 � Cn3, which consists of non-radiative
(corresponding to An), radiative (Bn2), and Auger (Cn3) re-
combination processes, such double logarithmic plots can be
linearly fitted and the current range that is dominated by
non-radiative, radiative, and Auger-type recombination proc-
esses can be identified with the slope to be 2, 1, and 2/3, re-
spectively [21,40,41]. The current densities corresponding to
the intersection of the linear fitting with slopes of 2 and 1
are 4 A∕cm2, 5 A∕cm2, and 15 A∕cm2 for hybrid LDs with
the ITO cladding layer, and 17 A∕cm2 for the conventional
LD, respectively, as shown in Fig. 4. This means there are in-
creasing non-radiative recombination centers in the LDs, espe-
cially remarkably increasing non-radiative recombination
centers in the LDs with the 500 nm p-AlGaN cladding layer.
We believe that the increasing non-radiative recombination

centers result from the increasing thermal budget due to in-
creasing growth time of the p-AlGaN cladding layer. The differ-
ence between ITO LDs with 300 nm and 150 nm p-AlGaN
cladding layers is not so large that the threshold current density
and slope efficiency of these two samples are similar. The differ-
ence between ITO LDs and conventional LDs with the same
500 nm p-AlGaN cladding layer is negligible, which suggests
the reduction of LD threshold mainly results from the reduced
thermal budget imposed on QWs by decreasing the thickness
of the p-AlGaN cladding layer rather than the effects related to
the optical and electrical properties of ITO contact.

On the other hand, the changes of total internal loss and
confinement factor also affect LD performance. Our simulation
shows that the confinement factors of these four samples are
almost the same. The simulated total internal loss of sample
S300 with 300 nm p-AlGaN cladding layer is 8.2 cm−1,
2.3 cm−1 lower than that of conventional LD sample C500,
as shown in Fig. 1(c). This reduction of internal loss is not
so significant to account for the reduction of the threshold cur-
rent density and the increase of the slope efficiency for sample
S300, while the internal loss of S150 even increases slightly
compared to that of S300, which is due to more light penetra-
tion into the ITO layer as p-AlGaN thickness reduces. The
simulation also shows the internal loss of S500 is 9.8 cm−1,
a little lower than that of C500, which may be the cause of
the reduced threshold current density for S500.

Fig. 3. (a) Power–current (P–I) curves of hybrid LDs with ITO cladding layer and conventional LD with Pd/Pt/Au electrode. The P-Al0.08GaN
cladding layer thicknesses and electrode are shown in the legends. (b) Lasing spectra of four different kinds of LDs.

Fig. 4. Integrated electroluminescence intensity as a function of cur-
rent density in a double logarithmic plot. The intersections of the lin-
ear fitting with slopes of 2 and 1 are marked by the dotted lines.
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Since Mg activation energy is proportional to Al content in
AlGaN:Mg [42], and the concentration of carbon that acts as
a compensating donor in AlGaN:Mg [43] decreases with Al
content in AlGaN:Mg [44], reducing the Al content of the
p-AlGaN cladding layer will lead to increasing hole concentra-
tion, meaning increasing hole injection into the active region.
Our simulation shows that employing ITO as the cladding
layer allows us to decrease the p-AlGaN composition to
3.5% with a negligible increase of internal loss when the thick-
ness is 300 nm. Therefore, we fabricated an ITO LD with a
300 nm p-Al0.035Ga0.965N cladding layer. Figure 5(a) shows
the P–I curves of ITO LDs with p-AlGaN compositions of
8% and 3.5%, respectively. It can be seen that the threshold
current density of ITO LDs with the p-Al0.035GaN cladding
layer is 1.6 kA∕cm2, which is 1.3 kA∕cm2 lower than that
of ITO LDs with the p-Al0.08GaN cladding layer. The slope
efficiency of ITO LDs with the p-Al0.035GaN cladding layer
also slightly increases to 0.2 W/A. The improvement of
ITO LDs with the p-Al0.035GaN cladding layer is attributed
to increasing hole concentration and injection efficiency.
Figure 5(b) shows a comparison of the current–voltage (I–V)
curves of these two LDs and the 500 nm conventional LD
under continuous-wave electrical injection. With a decrease
of p-AlGaN cladding layer thickness and Al content, the oper-
ation voltages of LDs decrease. The operation voltage of the
ITO LD with the 300 nm p-Al0.035GaN cladding layer is
0.6 V lower than that of the conventional LD at the current
density of 4 kA∕cm2, which is attributed to the reduced series

resistance due to reduced thickness and Al content of the
p-AlGaN cladding layer.

The threshold current density of ITO LD with the
p-Al0.035GaN cladding layer is as low as 1.6 kA∕cm2, which
allows us to reduce the front facet coating reflectivity to 40%
and increase the ridge size to 15 μm wide and 1200 μm long.
The P–I curve of the ITO LDs is measured under pulse oper-
ation and is shown in Fig. 6. The threshold current density is
3.9 kA∕cm2 and the slope efficiency is 0.44 W/A. The output
power is as high as 400 mW at the typical current density of
9 kA∕cm2 for GaN-based green LDs.

4. CONCLUSION

In conclusion, simulation shows that the hybrid green LD
structure using ITO as the cladding layer enables reducing
p-AlGaN cladding layer thickness and composition without in-
creasing the internal loss compared to the conventional LD
structure. Green LDs with an ITO cladding layer were then
fabricated and characterized. It is found that the threshold cur-
rent density is reduced greatly from 5 kA∕cm2 to 1.6 kA∕cm2.
Moreover, the slope efficiency is increased by 25% and the
operation voltage is reduced by 0.6 V for hybrid green LDs.
As a result, a 400 mW high-power green LD has been obtained.
By reducing the absorption coefficient of ITO further and im-
proving the contact resistivity between ITO and LD structures,
the performance of green LDs can be improved further. These
results indicate that the hybrid LD structure can pave the
way toward high-performance green LDs for laser display
application.
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Fig. 5. (a) P–I curves of ITO LDs with 300 nm different p-AlGaN cladding layers; Al contents are shown in the legends. (b) I–V curves of three
different kinds of LDs.

Fig. 6. P–I curve of ITO LDs with 300 nm p-Al0.035GaN cladding
layer. The front facet coating reflectivity is 40%.
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