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by a reduction of the potential barrier height for electrons
in the quantum wells and by an increased background
electron concentration in UWG.

Abstract: The effect of V-pits in the upper waveguide
(UWG) on device performance of GaN-based laser diodes
(LDs) has been studied. Experimental results demonstrate
that in comparison with the LDs with u-In0.017Ga0.983N/uGaN multiple UWG or u-In0.017Ga0.983N one, the LDs with a
single u-GaN UWG has the best device performance. They
have a smaller threshold current density, and a larger
and more stable output optical power. The lowest threshold current density is as low as 1.3 kA/cm2, and the optical power reaches to 2.77 W. Furthermore, atomic force
microscopy suggests that the deterioration of device performance of former kinds of devices may be attributed to
the increase of V-pits’ size and quantity in the undopedIn0.017Ga0.983N UWG layer, and these V-pits could introduce
more nonradiative recombination centers and exacerbate
the inhomogeneity of injection current. Moreover, theoretical calculation results indicate that the increase of leakage current and optical loss are additional reasons for the
device performance deterioration, which may be caused
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1 Introduction
GaN-based laser diodes (LDs) have important application prospects in car headlights, general lighting, atomic
clocks, portable projection, laser-based TVs, underwater
communication, quantum technology and high-density
optical data storage [1–11]. A great progress has been made
in the last 30 years since Nakamura demonstrated the first
GaN-based blue-violet diode lasers in 1990 [12, 13]. The
upper waveguide (UWG) is significant for blue and green
GaN-based LDs to confine the optical field, and many
works focus on a comparative analysis between a p-type
(In)GaN UWG layer and an undoped (In)GaN UWG layer
[14–17]. Actually, during epitaxial growth of LDs with the
metal organic chemical vapor deposition, a high density
of defects like V-pits in InGaN would be formed due to the
phase separation and inhomogeneity of indium caused by
the poor impermissibility between GaN and InN [18–20].
Meanwhile, the defect density would increase along with
the increases of thickness or indium content of InGaN
waveguide layer. However, less attention is put forward
to build a connection between the V-pits in UWG layer
and the device performance of GaN-based LD, although
extensive works have focused on the V-pits’ structural
feature, formation mechanism [21–23] and influence on
the performance of light-emitting diodes [24, 25] and solar
cells [26, 27]. Therefore, GaN-based LDs with different
(In)GaN UWG layer have been investigated in this study
experimentally and theoretically. Experimental results
demonstrate that the performance deterioration of the
This work is licensed under the Creative Commons Attribution 4.0
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GaN-based blue-violet LDs would be related to the V-pits
in the UWG layer, and an increase of leakage current and
optical loss is another reason according to the theoretical
calculation result by LASTIP.

2 F abrication and theoretical
calculation of GaN-based LDs
Three GaN-based blue-violet LDs with different UWG
layers are fabricated, i.e. LDI, LDII and LDIII, which are
grown in an AIXTRON 3 × 2 in. close-coupled showerhead
reactor on c-plane GaN substrates. The schematic structure of LDI, LDII and LDIII is shown in Figure 1. A thick
n-GaN layer is grown on GaN substrate firstly, and then
a n-type cladding layer (CL), a lower waveguide layer, a
multiple quantum well active region, an UWG layer, an

Figure 1: The schematic structure of the GaN-based LDs with
different upper waveguide.

A

electron blocking layer, a p-type CL and a heavily Mgdoped GaN (p++-GaN) contact layer are grown successively.
During growth, TMGa/TEGa, TMAl, TMIn, NH3, Cp2Mg and
SiH4 are used as Ga, Al, In, N, Mg and Si sources, respectively. Between LDI, LDII and LDIII, only the UWG is different. The UWG in LDI and LDIII is a 93-nm unintentionally
doped-GaN layer (u-GaN) and a 93-nm unintentionally
doped-In0.017Ga0.983N layer (u-In0.017Ga0.983N), respectively.
For LDII, the UWG consists of a 50-nm u-GaN layer and a
43-nm u-In0.017Ga0.983N layer. A 15-μm-wide ridge stripe was
formed by dry etching along the <1–100> direction, and
a 1200-μm-long cavity was fabricated by cleaving along
the {1–100} plane. Then the front and rear cleaved cavity
facets are coated to get a reflectivity of 10% and 90%,
respectively. As a part of a vertical LD structure, the Ti/
Pt/Au and Pd/Pt/Au are used as n-type and p-type metal
electrodes, respectively.
Moreover, a 93-nm-thick u-GaN layer and a 93-nmthick InGaN layer are prepared as reference samples for
investigating surface quality of the layers. They are grown
separately on sapphire substrate and under the same conditions as u-GaN and InGaN waveguide layers in LDI and
LDIII. As schematically shown in Figure 2A, the reference
sample structure is a thin unintentionally doped GaN
nucleation layer (LT-GaN), a 2-μm-thick high-temperature
grown GaN template (u-GaN) and a top u-InGaN layer. The
93-nm-thick InGaN layer is also used to check the thickness
and indium content of the grown layer by X-ray diffraction (XRD). A ω-2θ XRD rocking curve at (002) reflection
of this u-InGaN waveguide layer is shown in Figure 2B. It
can be seen that there are two diffraction peaks in the high
resolution (002) ω-2θ XRD rocking curves near 34.5°, and
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Figure 2: As schematically shown in (A), the reference sample structure is a thin unintentionally-doped GaN nucleation layer (LT-GaN), a
2 μm-thick high-temperature grown GaN template (u-GaN) and a top u-InGaN layer. (B) Gives the ω-2θ X-ray diffraction (XRD) rocking curves
at (002) reflection of the u-InGaN waveguide layer, and the diffraction peaks located in the low and high angles of 2θ are originated from the
InGaN and GaN layers, respectively.
(A) The schematic diagram of device stack with a top u-InGaN layer and (B) the (002) ω-2θ rocking curves of u-InGaN layer.
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other diffraction peaks located in the low and high angles
of 2θ originate from the InGaN and GaN layers, respectively. According to the fitting result, the indium content
and thickness of this u-InGaN layer are around 1.7% and
93 nm, respectively.
In addition, two GaN-based blue-violet LDs, i.e. LD1
and LD3, are studied theoretically with LASTIP program
(Crosslight Software Inc.). LASTIP is a powerful software
for calculating and analyzing the optical and electrical
characteristics of LD thermionically by self-consistently
solving the Poisson’s equations and the current continuity equations [28, 29]. In fact, LD1 and LD3 are designed
based on the structures of LDI and LDIII, respectively. It
means that only the UWG layer is different between LD1
and LD3. The UWG layer in LD1 and LD3 is a 93-nm u-GaN
layer and a 93-nm u-In0.017Ga0.983N layer, respectively. The
thickness and doping level of each layer in these two LD
structures are listed in Table 1. Moreover, the cavity length

Table 1: Structural parameters of LD1 and LD3 for calculation with
LASTIP.
Layer

Thickness

Doping (cm − 3)

n-GaN substrate
n-Al0.08Ga0.92N CL
n-GaN LWG
MQW

1 μm
1 μm
120 nm
In0.11Ga0.89N Well: 6.0 nm
GaN Barrier: 15 nm
LD1: 93 nm u-GaN
LD3: 93 nm In0.017Ga0.983N
20 nm
600 nm
40 nm

3 × 1018
3 × 1018
5 × 1017
QW: 1 × 1016
QW: 5 × 1017
1 × 1017

UWG
p-Al0.15Ga0.85N EBL
p-Al0.06Ga0.94N CL
Contact layer

5 × 1019
2 × 1019
1 × 1020
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of LD1 and LD3 is set to be 600 μm, and the stimulated
wavelength is around 405 nm. In addition, the screening
factor in LASTIP calculation is set to be 25%, which means
25% of the theoretical interface charge is taken during
calculation [30, 31]. As shown in Figure 3, the refractive
indexes of AlGaN and InGaN alloys are estimated in a way
similar to what proposed by Laws et al. [32] and Piprek
et al. [33, 34].

3 Results and discussion
3.1 Experimental results
Figure 4 shows the optical power of three prepared GaNbased blue-violet LD devices as a function of the forward
direct current and the optical spectrum of stimulated emission. It can be seen that the peak wavelength of the optical
spectrum is around 404.5 nm, and the full width at half
maximum of this peak is small. In addition, the threshold
current of LDI, LDII and LDIII is around 220.0 mA, 298.1 mA
and 555.2 mA, respectively, and the corresponding
threshold current density is about 1.2 kA/cm2, 1.7 kA/cm2
and 3.1 kA/cm2, respectively. The peak optical power of LDI,
LDII and LDIII is about 2.77 W, 1.81 W and 0.72 W, respectively, at a corresponding current around 3.0 A, 1.92 A
and 1.65 A, respectively. It is noted that except for LDI,
the optical power of LDII and LDIII increases first and
then decreases abruptly when the current increases up
to 3 A. It means that the device performance of LDI is the
best among the three LDs, i.e. having the lowest threshold current, the largest peak optical power and the most

Figure 3: The refractive indexes of AlGaN decrease along with the aluminum increasing, and the refractive indexes of InGaN alloys increase
along with the indium increasing.
Estimated refractive indexes of AlGaN (A) and InGaN (B) alloys during calculation.
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Figure 4: (A) Shows the optical power of 3 prepared GaN-based blue-violet LD devices as a function of the forward direct-current and (B)
gives the optical spectrum of stimulated emission. The threshold current of LDI, LDII and LDIII is around 220.0 mA, 298.1 mA and 555.2 mA,
respectively, and the peak optical power of LDI, LDII and LDIII is about 2.77 W, 1.81 W and 0.72 W, respectively.
(A) Optical power vs. current (P-I) curves of the LDI (black). LDII (red) and LDIII (blue), and (B) The optical spectrum of stimulated emission
measured at room temperature.

stable output. This experimental result demonstrates that
the device performance could be weakened when using
the u-GaN/u-In0.017Ga0.983N multiple UWG layer or using a
u-In0.017Ga0.983N UWG layer.
To find the reason for the weaker performance of LDII
and LDIII, the atomic force microscopy (AFM) measurements are taken to check the surface topography of the
93-nm-thick u-GaN and u-InGaN layer reference samples.
Figure 5A and B show that in a 5 μm × 5 μm region, the rootmean-square roughness of the 93-nm-thick u-GaN layer
and the 93-nm-thick u-In0.017Ga0.983N layer is 0.54 nm and
2.06 nm, respectively, which means that the surface of the
u-In0.017Ga0.983N layer is much coarser. It is also noted that
V-pits are formed in both u-GaN and u-In0.017Ga0.983N, but
the size of V-pits in the u-In0.017Ga0.983N layer is clearly much
bigger than that in the u-GaN layer. Meanwhile, the quantity

of V-pits in the u-In0.017Ga0.983N layer is also much larger than
that in the u-GaN layer. The V-pit density of u-GaN and
u-In0.017Ga0.983N is estimated to be 1 μm−2 and 6 μm−2, respectively, in a 5 μm × 5 μm region; i.e. the V-pit density of the
93-nm-thick u-GaN layer is about 6 times smaller than that of
the 93-nm-thick u-In0.017Ga0.983N layer. In addition, Figure 5C
shows the distribution of the V-pit’s depth. It indicates that
the depth of most V-pits in u-GaN and u-In0.017Ga0.983N is
about 1.8 nm and 3.6 nm, respectively. Meanwhile, very few
V-pits have a depth larger than 4 nm in the u-GaN layer, but
the V-pit depth in the u-In0.017Ga0.983N layer can reach up to
6 nm. This result demonstrates that the average depth and
density of V-pits in the 93-nm-thick u-In0.017Ga0.983N layer
are much larger than that in the 93-nm-thick u-GaN layer,
indicating that the material quality of the u-GaN layer is
much better than the u-In0.017Ga0.983N layer.

Figure 5: The root-mean-square (RMS) roughness of the 93 nm-thick u-GaN layer and the 93 nm-thick u-In0.017Ga0.983N layer is 0.54 nm and
2.06 nm, respectively, and the size and quantity of V-pits in u-In0.017Ga0.983N layer is clearly much bigger than those in u-GaN layer. In addition,
the average depth and density of V-pits in the 93 nm-thick u-In0.017Ga0.983N layer are much larger than that in the 93 nm-thick u-GaN layer.
Atomic force microscopy images for (A) 93-nm-thick u-GaN and (B) 93-nm-thick u-In0.017Ga0.983N layers, and (C) the distribution of V-pit
depth (blue for InGaN surface and black for GaN one).
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It is known that V-defects originate from the InGaN
layers intercepted by threading dislocations. V-defects
may preferentially capture carriers, subsequently
enhance local current and influence the local carrier
recombination. Some reported investigations show that
V-pits have positive effects like enhancing the extraction
of the photogenerated carriers in the InGaN absorber or
enhanced output power of InGaN light emitting diode [24,
26]. However, there are also other reports which show that
V-pits can have negative effects such as increasing leakage
current and reducing emission efficiency of InGaN-based
light-emitting diodes [23]. In this study, the obtained
result suggests that the higher threshold current density
and lower optical power of LDIII and LDII are deteriorated, and they may be related to the denser and larger
V-pits in their UWG layers.
Furthermore, conductive AFM (c-AFM) measurement is
employed to obtain the distribution of forward current on
the u-In0.017Ga0.983N layers and to check the carrier injection
around the V-pits. It should be able to give a clue to find
the reason for the unstable output optical power of LDII
and LDIII. Figure 6 shows the c-AFM current images which
is measured at a 2.0 V bias in the same region as shown
in Figure 5B. It is noted that in forward bias condition an
enhanced current occurs around the V-pits area. Actually,
our previous work has demonstrated that V-pits could
result in a larger reverse-bias leakage current and a lower
electroluminescence in the studied InGaN-based lightemitting diodes, in which the V-pits are originated from the
InGaN well layer [23]. It suggests that the unstable output
optical power of LDII and LDIII may be related to the inhomogeneity of carrier injection around the V-pits. This inhomogeneity could be aggravated when the density and size
of V-pits in the UWG layer increase. It even may result in an
abrupt rise of leakage current at higher injection current,
as what we have observed in the optical power curves of
LDII and LDIII. Therefore, based on the observed difference

Figure 6: Conductive atomic force current image at 2.0 V of
93-nm-thick u-In0.017Ga0.983N layer reference sample.
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in the V-pits, it can well explain why LDIII performs worse
than LDI in the stability of output optical power.

3.2 Theoretical results
To check whether there are other factors influencing the
device performance in addition to the V-pits in the waveguide layer, the performances of two LDs, i.e. LD1 and LD3,
are calculated through LASTIP simulation. The structure
parameters of LD1 and LD3 are shown in Table 1, and no
influence of V-pits is considered during the theoretical calculation. During calculation, the absorption coefficient of
each layer is simply set to be proportional to its doping
concentration in a way similar to that proposed by Huang
et al. [35], i.e.
Absorption coefficient =

doping level (cm−3 )
× 50 (cm−3 )
1019 (cm−3 )

(1)
It means that the absorption coefficient of u-GaN and
u-In0.017Ga0.983N UWG layer is the same, i.e. 2.5 cm−1 cm.
The optical field distribution is checked first.
Figure 7A shows that the optical field is moved towards
the p-side slightly when using a u-In0.017Ga0.983N UWG layer.
The calculated result shows that the optical confinement
factor of LD1 and LD3 is 0.58% and 6.13%, respectively. It
means that using a u-In0.017Ga0.983N UWG layer can improve
the optical field distribution. Moreover, the calculated
output optical power vs. current (P-I) of LD1 and LD3 is
shown in Figure 7B. It can be seen from Figure 7B that
the threshold current of LD1 and LD3 is 27.1 mA, and
36.6 mA, respectively. Meanwhile, at the same injection
current of 120 mA, the output optical power of LD1 and
LD3 is 115.6 mW and 72.1 mW, respectively. It is clear that
the device performance of LD3 is not as good as LD1. This
result demonstrates that using a u-In0.017Ga0.983N UWG layer
would weaken the device performances remarkably compared to a u-GaN UWG layer when the absorption coefficients of the u-In0.017Ga0.983N and u-GaN layers are set
to be the same. This result suggests that when the UWG
layer material is changed, there are indeed other factors
that can also have influence on the device performance
in addition to the V-pits. Thus, the difference of electron
current density and conduction band should be discussed
below in detail.
Figure 8A shows the vertical electron current density
distribution surrounding the active region along the growth
direction at an injection current of 120 mA. Electrons are
injected from the n-type side and then recombined with
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Figure 7: The optical field is moved towards the p-side slightly when using a u-In0.017Ga0.983N upper waveguide layer. Moreover, the
threshold current of LD1 and LD3 is 27.1 mA, and 36.6 mA, respectively, and the output optical power of LD1 and LD3 is 115.6 mW and
72.1 mW, respectively, at the same injection current of 120 mA.
(A) Optical field distribution and (B) optical power vs. current of the LD1 (black) and LD3 (red).

Figure 8: Shows the vertical electron current density distribution around the active region along the growth direction at an injecting current
of 120 mA and the conduction band diagram. It can be seen that the leakage current of LD3 is larger than that of LD1, and the effective
barrier height for the electrons in LD3 is smaller than that of LD1.
Vertical electron current density distribution around the active region along the growth direction for LD1 (black) and LD3 (red) at an injecting
current of 120 mA (A), and the conduction band diagrams (B). The short dot marks the quasi-Fermi levels of electron.

the holes in the active region, which results in a reduction
of electron current density around the first quantum well
(QW1) and the second quantum well (QW2). Moreover, the
leakage current can be defined as the current going out
from the last quantum barrier (QB3), which is marked with
the black arrows in Figure 8A. It is noted that the leakage
current of LD3 is larger than that of LD1. This result provides an evidence that an increase of leakage current is
perhaps another reason for the performance deterioration
of LD3 in addition to the leakage induced by the V-pits in
waveguide layer. Moreover, the reason for the increase of
leakage current in LD3 can also be analyzed by examining
the change of conduction band in LD1 and LD3. Figure 8B

gives the conduction band diagram under an injection
current of 120 mA, in which the electron barrier height in
quantum well is marked with the double-headed arrow.
The electron barrier height is defined as the energy differences between the electron quasi-Fermi level in quantum
well and quantum barrier, i.e. ΔE1 and ΔE2, which can be
used to reflect the effective blocking ability of the second
barrier (QB2) and the last barrier (QB3) for the electrons.
For LD1, ΔE1 and ΔE2 are 120 meV and 98 meV, respectively. For LD3, ΔE1 and ΔE2 are 111 meV and 90 meV,
respectively. It means that the effective barrier height
for the electrons in LD3 is smaller than that of LD1. That
is why the leakage current in LD3 is larger than that of
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LD1, and the parameters of the threshold current and the
output light power of LD3 are poorer than those of LD1.
This result suggests that reduction of the energy barrier
height for electrons should be the other reason for the
device performance deterioration of LDII and LDIII.
In addition, it is noted that the change of UWG
material may have influence on the background carrier
concentration of the UWG. Therefore, Hall measurement is taken to obtain the background electron concentration using van der Pauw method at 300 K for both
u-In0.017Ga0.983N and u-GaN waveguide layers. Hall measurement result shows that the background electron concentration of the u-In0.017Ga0.983N and u-GaN single layer is
4.4 × 1017 cm−3 and 1.4 × 1016 cm−3, respectively. This differencemight be caused by the density difference of point
defects in u-In0.017Ga0.983N and u-GaN, such as gallium
vacancies (VGa), nitrogen vacancies (VGa) and their complexes. Thus, in addition to LD3, the performance of
another LD, named LD3-1, is also calculated, and the
absorption coefficient of the u-In0.017Ga0.983N waveguide
layer in LD3-1 is set to be 750 cm−1 instead of 2.5 cm−1. The
calculated result shows that the optical loss of LD1, LD3
and LD3-1 is 21.5 cm−1, 39.5 cm−1, 44.9 cm−1, respectively.
Meanwhile, the threshold current and optical power at
120 mA of LD3-1 is about 42.1 mA and 68.0 mW, respectively. It indicates that a higher background electron concentration of the u-In0.017Ga0.983N waveguide layer could
also result in a deterioration of device performance.
These results suggest that, except for the influence of
V-defects, the reduced barrier height and a higher background electron concentration of the u-In0.017Ga0.983N
waveguide layer might be an additional reason for the
deterioration of LDIII.

4 Summary
The influence of the UWG layer has been studied experimentally and theoretically. The device performance
deterioration with the u-In0.017Ga0.983N waveguide layer
is attributed to the increase of leakage current caused
by the increase of V-pits’ size and quantity. The increase
of leakage current is due to the reduction of the energy
barrier height for the electrons in quantum wells, and
the increase of optical loss is caused by the higher background electron concentration. They may be additional
reasons for the deterioration of the device performance.
Moreover, c-AFM analysis result shows that the unstable
optical power of LDs using the u-In0.017Ga0.983N UWG layer
can be attributed to the inhomogeneous injection current
around the V-pits.
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