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Abstract: Very limited 1-3 pairs of quantum-wells (QW?s) are preferred for GaN-based laser
diodes (LDs), which require more careful engineering of the carrier transport than LEDs. In this
work, the first-barrier doping level of QWs is found to significantly affect the carrier confinement
and distribution for GaN-based LDs. The first-barrier doping exceeding 2x10'® cm™ will make
the bottom QW return to the parasitic state, yielding unexpected photons absorption and even
Auger recombination. The underlying physical mechanism is discussed in terms of the calculated
energy-band diagram, carrier confinement, and distribution. And all the experimental findings
are consistent with the physical model.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Gallium nitride (GaN) based laser diodes (LDs) are drawing greater attention in solid-state
lighting, display, sensor and visible light communications, owing to their unique blue-green
spectral range, superior brightness, efficiency, and modulation bandwidth [1-4]. Compared
with light-emitting diodes (LEDs) that typically have 5-10 pairs of quantum-wells (QWs) [5-6],
very limited 1-3 pairs of QWs is preferred for GaN-based LDs [7-8]. The primary reason is
that population inversion is required for lasing action where more QWs would call for higher
carrier injection to activate every QW. The extra carrier injection before lasing not only leads to
an enhancement of the Auger recombination (proportional to the cube of carrier concentration)
[9], but also causes the carrier delocalization [10] and increases the carrier leakage [11], hence
reducing the internal quantum efficiency, which is well known as the “efficiency droop” in
LEDs [12]. A second reason for such few QWSs configuration in GaN-based LDs is the largely
non-uniform distribution of carriers and gain profile due to the asymmetric doping and carrier
transport, which is observed as the p-side QWs contributing most of radiative recombination
and light emission [13]. As a consequence, the p-side QWs are likely to reach population
inversion first and produce the optical gain earlier. In contrast, the n-side QWs can absorb photons
generated by other QWs, causing the local gain one order of magnitude lower than that of the
p-side [14]. This non-uniform gain profile has been reported to result in a significant increase in
the threshold current of GaN-based LDs [15,16].

Reducing the number of QWs partly alleviates the carrier non-uniformity, but the carrier
leakage becomes more prevalent due to the insufficient thermalization or inefficient capture into
the QW [17]. Moreover, because of the inherent polarization effect of c-plane QWs, the energy
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band is tilted. This not only spatially separates the injected carriers and reduces the radiative
recombination rate, but also decreases the effective barrier height thus degrading the carrier
confinement [18]. Therefore, it is vitally important to enhance the carrier confinement for the
GaN-based LDs, which however has rarely been studied so far.

Efforts have been paid to improve the electron confinement by various designs of electron-
blocking layer (EBL) for electrons [19-22]. However, very little work has been done on the
enhancement of hole confinement in GaN-based LDs, which has been proposed as one more
leading factor that affects the LD performance [23,24]. By virtue of the ability to modify the
built-in electric field and affect the carrier transport, barrier doping promises to improve both the
electron and hole confinement for GaN-based LDs that have very limited 1-3 pairs of QWs. In
fact, the barrier doping has been widely reported to significantly affect the photoluminescence
(PL) and electroluminescence (EL) performance of GaN-based LEDs owing to superior band
engineering, such as improving the PL intensity of InGaN/GaN MQWs by 33 times [25], a 37.5%
enhancement in light-output power of one-QB-doped (3x10'® cm™3) LEDs over all-QB-doped
ones by Zhu et al. [26], a factor of 3.17 for the output power of all-QB-doped (3x10'® cm™3)
LEDs compared with the all-QB-undoped LEDs by Lu er al. [27], over 25% increase in the
output power of InGaN/GaN LEDs upon carefully selecting the doping level and position by
Tsai et al. [28], as well as a significant increase of luminous intensity from 25 to 36 mcd, and
a decrease of the forward voltage from 4.5 to 3.5 V under the QB Si-doping of 3x10'7 cm™3
for GaN-based LEDs [29]. However, a high Si-doping level in all the barriers will block the
hole injection [30], and induce free-carrier absorption which increases the threshold current
in the case of LDs [31]. Therefore, a fine tailoring of the barrier doping that provide a better
understanding and a good balance between the carrier confinement and optical loss, is urgently
needed for GaN-based LDs.

In this work, the first-barrier doping level of MQW:s is found to significantly affect the carrier
confinement and radiative recombination for GaN-based LDs by both simulations and experiments.
The corresponding physical mechanism is discussed in terms of the calculated energy band
diagram, carrier confinement, distribution, and recombination. And all the experimental findings
are consistent with the physical model.

2. Experiments

Schematic diagram of the GaN-based laser and Si doping level of the first barrier used in the
simulations are shown in Fig. 1. The LD structure is composed of a 2-um-thick undoped GaN
layer, an 1.3-um-thick n-type GaN layer, an 1.2-pum-thick Si-doped n-Alg975Gag 925N optical
cladding layers (n-CL), a 50-nm-thick undoped GaN waveguide layer, a 80-nm-thick undoped
Ing01 Gag.g9N lower waveguide layer (LWG), a 10-nm-thick GaN first barrier with various Si
doping from 0 to 4x 10" cm™3, 3 pairs of undoped Ing 12Gag ggN (2.8 nm) / Ing 91 Gag 99N (12 nm)
MQWs, a 70-nm-thick undoped Ing o; Gag.g9N upper waveguide layer (UWG), a 20-nm-thick
undoped GaN waveguide layer, a 20-nm-thick Mg-doped p-Aly,GaggN EBL, a 600-nm-thick
Mg-doped p-Alg0s5Gag 935N optical cladding layers (p-CL) and finally a 30-nm-thick Mg-doped
p-GaN layer. The self-consistent Schrodinger-Poisson equations combined with polarization
engineering theory was employed to calculate the band profile and carrier distribution of the LD
structure, using the one-dimensional Schrodinger-Poisson solver containing the drift-diffusion
and polarization model [32]. The conduction-to-valence-band offset ratio was set to be 0.67:0.33
[14,33]. Detailed material parameters used in this simulation can be found in the book edited by
Joachim Piprek [34].

The test LD structure used to examine the carrier confinement was grown by metal-organic
chemical vapor deposition on Si(111) substrates with an AIN/AlGaN buffer grown first followed
by the layers shown in Fig. 1. The threading dislocation density (TDD) of the test LD epi-
structures were confirmed by high resolution X-ray diffraction rocking curve of the GaN (0002)
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Fig. 1. Schematic diagram of the GaN-based laser structure with various Si doping of the
first barrier from 0 to 4x10'8 cm™3.

and (1012) planes, all of which present a TDD of about 6x10% cm™2. The LD epitaxial wafers
were then fabricated as ridge waveguide LDs and cleaved into discrete bars for testing. Detailed
3D schematics and pictures of the fabricated LDs can be found in our previous publications
[2,8]. The on-bar EL measurements of the LDs were performed under a pulsed injection with a
repetition rate of 10 kHz and a pulse width of 400 ns to minimize the self-heating effects.

3. Results and discussion

Figure 2(a) illustrates the conduction band diagrams near the active region with various Si doping
of the first barrier at an equilibrium state. A clear potential gradient from the n-side to p-side
QWs can be observed for the active region with no doping for the first barrier. This makes it
energetically favorable for electrons to escape to the p-side. As the first-barrier doping increases,
the height of the n-side conduction band rapidly decreases, and the potential gradient among
QWs tends to disappear. As a result, an almost flat active region can be obtained as shown in
Figs. 2(a)-2(b), which minimizes the driving force for electrons to overflow. Such variation is
indeed the result of the field compensation between the p-n junction field shifted by first-barrier
doping and the piezoelectric field in the MQWs, finally determining the alignment of internal
field and active region. Similar confinement enhancement for hole injection can be found based
on the valence band diagrams in Fig. 2(b). Therefore, the injection efficiency of both the electrons
and holes are expected to be enhanced by controlling the first-barrier doping. This view is further
confirmed by the dependence of QW depth on the first-barrier doping, as shown in Fig. 2(c). The
average depth of the three QWs increases from 113.7 to 152.3 meV as the first-barrier doping
increases from 0 to 4x10'® cm™3. The increased QW depth entails a larger effective volume that
allows for much more carrier capture and hence better carrier confinement.

To study the carrier transport with respect to the first-barrier doping of the LD active region,
further simulations were performed under a forward bias of 5 V. The cooling energy (4n, 4p)
corresponds to the kinetic energy drop of carrier thermalization through the emission of multiple
longitudinal optical phonons before they reaching the first QW, as shown in Fig. 3(a). The
overflow barrier (4n’, Ap’) represents the barrier height for carriers escaping from the last QW, as
shown in Fig. 3(b). The statistical results for carrier cooling energy and overflow barrier can be
found in Figs. 3(c)-3(d). The cooling energy 4n for electrons (Fig. 3(c)) progressively increases
with respect to the first-barrier doping, indicating an enhanced thermalization which particularly
discourages the electron overflow under a high injection. The increased overflow barrier 4n’ also
suggests better electron confinement as the first-barrier doping increases. However, compared
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Fig. 2. (a) Conduction band and (b) valence band diagrams of the GaN-based LDs at an
equilibrium state. (c) The average QW depth as a function of the first-barrier doping as
extracted in the inset.

with electrons, both the cooling energy 4p and overflow barrier 4p’ for holes reach the maximum
at the doping of 2x10'® cm=3. Further increasing the doping of the first barrier leads to significant
degradation of the hole confinement, as shown in Fig. 3(d). Therefore, the optimum design of
first-barrier doping requires a careful trade-off between the electron and hole confinement.
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Fig. 3. (a) Conduction band and (b) valence band diagrams of the GaN-based LDs under a
forward bias of 5 V. The cooling energy and overflow barrier for (c) electron (4n and An’)
and (d) hole (4p and 4p’) as a function of the first-barrier doping.

Beyond the carrier confinements, the carrier distribution among MQWs is also critical in
determining the total gain of the LD active region. The local carrier distribution profile of the
LD structure is far from uniform when the first barrier is nominally un-doped, as illustrated
in Fig. 4. The electron mainly concentrates in the p-side QW (QW3) while the hole largely
locates in the n-side QW (QW1). This hole distribution is exactly opposite with the typically
observed in GaN-based LEDs [35], which can be partially explained by the major potential
gradient among QWs (as illustrated in Fig. 3). Due to the significantly asymmetric distribution of
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the carriers, the holes in QW1 and the electrons in QW3 are favorable to leak out or recombine
non-radiatively due to the radiative recombination saturation [36]. It is noteworthy that the
asymmetric distribution of electrons and holes can be suppressed when the Si doping of the first
barrier increases from 0 to 4x10'® cm™. The maximum hole concentration is shifted from the
n-side QW (QW1) to the middle one (QW2) as the first-barrier doping increases to 2x10'® cm™

which can significantly reduce the hole leakage into the n side. However, when the first-barrier
doping exceeds 2x10'® cm™3, the asymmetric distribution of carriers becomes prevalent again,
with the hole concentration in QW1 getting lower while the electron concentration increasing.
The former is in line with the degraded hole confinement at a heavy doping (>2x10'® cm™3) as
depicted in Fig. 3(d), and the latter is attributed to the enhanced electron confinement as illustrated
in Fig. 3(c). Such asymmetric distribution of carriers makes the QW1 return to the parasitic QW
state, which not only yields Auger recombination, but also absorbs photons generated by the
other two wells, thus reducing the optical gain and increasing the threshold current of GaN-based
LD. Previous report by Piprek et al. [37] proposed using two QWs instead to improve the carrier
distribution. Here the Si-doping control of the first barrier could be an alternative method to
address this problem. Therefore, the optimum design of the first-barrier doping is believed to be
2x10'8 cm™3 considering both the carrier confinement and distribution.
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Fig. 4. The electron and hole concentration in the MQWs active region with various
first-barrier doping under a forward bias of 5 V.

To validate the simulations above, three GaN-based LDs with various first-barrier doping of 0,
2x10'8 and 3x10'® cm™ were grown on Si substrates, and then fabricated as ridge waveguide
LDs with a ridge width of 4 um and a cavity length of 800 um by conventional lithography and a
lift-off technique. The cavities and mirror facets were formed by cleaving along the m-plane
with no reflective coating on the facets. Figure 5(a) shows the typical lasing spectra of the three
GaN-based LDs. The small variation in lasing wavelength is mainly caused by the unintentional
fluctuation in growth temperature of the MQWs, rather than by the first-barrier doping. Figure 5(b)
presents the power-current (P-I) curves and far-field patterns (FFP) of the GaN-based LDs. The
super-linear P-I curves, elliptical FFP above threshold current, together with the narrow spectral
linewidth, exactly demonstrate the lasing behavior. Figure 5(c) shows statistical distribution
of the measured threshold currents for more than 60 devices. The threshold current of more
than 70% of the devices is distributed around the average value, making it representative to
compare the effects of first-barrier doping on band structure and carrier confinement. Due to
the uncoated cavity facets, the threshold current density of all on-bar test LDs is larger than our
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previous reports [2,8]. The open circles represent the average threshold current. It is clear that the
average threshold current quickly drops from 435 (13.6 kA/cm?) to 280 mA (8.7 kA/cm?) with
the first-barrier doping of 2x10'® cm™3, but further increases to 452 mA (14.1 kA/cm?) when the
first-barrier doping reaches 3x10'® cm™3. This result correlates very well with the simulations
above that the Si doping of 2x10'® cm™ better balances the electron and hole confinement,
and symmetric distribution. Also, the considerably increased threshold current at the doping
of 3x10'® cm™ or even higher doping for the first barrier may also be related to the degraded
interface quality and increased band-tail absorption caused by Si heavy doping. Therefore, a Si
doping of around 2x10'8 cm™3 for the first barrier can be the optimum design for GaN-based
LDs with three pairs of QWs. Simulations on the effects of QW number and QW wavelength
are currently under intensive investigation, and the results with experimental validation will be
published elsewhere.
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Fig. 5. (a) Typical lasing spectra and (b) P-I curves near the average threshold current for
GaN-based lasers with various first-barrier doping. The inset shows the far-field patterns.
(c) Statistical distribution of the threshold currents with the open circles representing the
average value.

4. Conclusion

In summary, the effects of first-barrier doping on the carrier confinement and re-distribution
in GaN-based LDs have been studied by both simulations and experiments. The electron
confinement can be progressively enhanced with respect to the first-barrier doping, while the
best hole confinement occurs at the doping of 2x10'® cm™3. Moreover, the first-barrier doping
exceeding 2x10'® cm™ was found to make the bottom quantum-well return to the parasitic
absorbing state, yielding unexpected photons absorption and even Auger recombination, thus
increasing the threshold current of GaN-based LDs. A Si doping of around 2x10'® cm™3 for the
first barrier was finally suggested for GaN-based LDs with three pairs of QWs configuration,
which can better enhance the carrier confinement and symmetrize the carrier distribution, hence
improving the optical gain and reducing the threshold current of GaN-based LDs as confirmed
experimentally as well.
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