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Abstract: InGaN based c-plane blue LDs on strain relaxed template (SRT) with a reduced absorption
loss was demonstrated. The loss is reduced from 27 cm~! to0 20 cm 1. Due to the lower loss, threshold
current density is improved from 51.1 kA/ cm? to 43.7 kA /cm?, and slope efficiency is also increased
by a factor of 1.22. The absorption loss from decomposition layer (DL) in SRT is confirmed to be a
major extra loss source by both experimental and simulation results. With a higher indium content in
buffer and waveguide layers, optical leakage into DL can be suppressed.
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1. Introduction

Visible laser diodes (LDs) are promising for next-generation display applications such
as VR/AR, head-up display, and pico-projectors [1]. While AlGalnP based LDs have been
realized for red light source, InGaN based LDs are advantageous in blue and green [2—4].
Although efficient blue InGaN LDs are well developed, green LDs with a comparable
performance to blue remains challenging, which is also known as the “green gap” [5].
Extending wavelength to green causes an increased strain in InGaN layer due to the
10% lattice mismatch between GaN and InN, resulting in deterioration of material quality
such as composition pulling effect and phase separation [6-10]. Besides, because of the
piezoelectricity of III-Nitrides, quantum-confined Stark effect (QCSE) will exacerbate due
to the higher strain in green, causing an increase in electron-hole wavefunction separation
and thus degrading the optical gain for LDs [10-12].

To deal with these issues, ideas of relieving the strain in InGaN layer have been pro-
posed. A relaxed InGaN layer can not only tackle the problems mentioned above, but
also enable higher indium (In) incorporation, and thus a higher growth temperature with
superior material quality can be potentially achieved. So far, several methods have been re-
ported, including semi-relaxed InGaN substrates and porous GaN pseudo-substrates [13-18].
However, most of these methods require complicated processing such as patterning, wafer
bonding and regrowth, which is not favorable in manufacturing perspectives. Recently,
P. Chan et al. demonstrated a simple strain relaxed template (SRT) without any regrowth
or patterning or wafer bonding, and more than 85% biaxial relaxation of the InGaN buffer
layer above has been realized as well as decent red LEDs results [19-21]. In addition, blue
LDs have also been achieved on SRT recently [22]. However, a significantly higher loss was
found in SRT LDs, and the source of it is unclear yet.

In this work, we successfully demonstrate InGaN based LDs grown on SRT with a
lower internal loss. From segmented contact measurement, the loss is reduced from 27 cm~1
to 20 cm . Due to a lower loss, threshold current density is improved from 51.1 kA /cm?
to 43.7 kA/cm?, and slope efficiency is also increased by a factor of 1.22. Transmission
measurement and 1D optical mode simulation was done to verify the loss source. It is
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realized that a significant amount of loss is generated from mode leakage into the highly
light absorbing decomposition layer (DL) in SRT. By optimizing the waveguide/cladding
structure to minimize the optical mode leakage, it is promising to reduce the loss of SRT
LDs to a similar amount as those without SRT.

2. Materials and Methods

The LD epi was grown by metal—organic chemical vapor deposition (MOCVD) on
freestanding bulk c-plane substrates instead of sapphire to minimize threading dislocation
density [23]. Two different epi designs denoted as SRT1 and SRT2 were grown with
different In content in buffer and waveguide, while all other layers were kept the same
for fair comparison. As shown in Figure 1, the epi started with a 2.6 um n-GaN template
growth, followed by the growth of SRT which consisted of a 3 nm InGaN DL grown at
750 °C, and a 700 nm n-GaN decomposition stop layer (DSL) at 1100 °C which also served
as n-cladding layer. After that, a 100 nm of n-InGaN/GaN superlattices (SLs) were grown
as buffer layer consisting of 5 periods of 16 nm InGaN and 4 nm GaN, where the average
In composition is denoted as “x” and the number corresponds to the sample number.
The buffer layer was grown under low ammonia flow to increase Ga adatom mobility
and thus suppress the formation of V-pits [24]. Then, a 60 nm InGaN waveguide was
grown, with the In composition denoted as “y” and the number corresponds to the sample
number. After that, active region composed of a 4 periods quantum wells of 2.5 nm InGaN,
2 nm AlGaN (11% Al) and 9 nm of GaN was grown. The In content is estimated as
18-19% for SRT1 and 20-21% for SRT2. And then a 10 nm of p-AlGaN (11% Al) was grown
as electron blocking layer (EBL), followed by the same waveguide structure in p-side, a
210 nm of p-GaN as p-cladding and 15 nm of p + GaN as p-contact layer. After the
epi growth, high resolution x-ray diffraction (HRXRD) reciprocal space map (RSM) was
conducted to analyze the relaxation and In content of InGaN buffer and waveguide of both
epi designs using (1124) as off-axis.

SRT1 SRT2
p+GaN contact p+GaN contact
p-GaN cladding p-GaN cladding
60 nm p-In;Ga, ;N waveguide 15 nm uid GaN 60 nm p-In,Ga, ,,N waveguide
EBL EBL

9 nm GaN barrier

{ maws | 20m AlGaN barrier | |t MQWS ot

2.5 nm InGaN QW

60 nm n-In;Ga,. ;N waveguide 60 nm n-In,Ga,..,N waveguide

20 nm uid GaN
100 nm n-In,,Ga, ,,N/GaN SL 100 nm n-In_,Ga, ,N/GaN SL
buffer buffer
700 nm GaN cladding 700 nm GaN cladding
2.6 pum GaN 2.6 um GaN
Substrate: Substrate:
Freestanding bulk GaN Freestanding bulk GaN

Figure 1. Schematic of the SRT LD epitaxial design. Indium composition in buffer and waveguide is
denoted as x, y, and the numbers correspond to SRT1 or SRT2, respectively.

Ridge stripe laser structures are used in this work. The process started with ridge
etching by reactive-ion-etching (RIE) followed by a self-aligned liftoff SiO, deposition and
liftoff process. After that, Indium Tin Oxide (ITO) was deposited as p-contact and cladding
layer, which enabled thinner p-GaN cladding and therefore a better operating voltage [25].
A Ti/ Au metal stack was then deposited as metal pad for probing. Finally, both facets were
formed by chemically assisted ion beam etching (CAIBE) with an Ar ion beam in a Cl,
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atmosphere [26], and backside Ti/Al/Ni/Au metal was deposited as n-electrode. Both
devices were fabricated together to avoid variation in processing conditions.

The fabricated LDs were tested under pulse mode using a pulse generator with a
pulse width of 500 ns and a duty cycle of 0.5%. Electroluminescence (EL) spectrum was
collected by an optical fiber connected to Ocean-Optics spectrometer, and the light output
power was measured by integrating sphere. Segmented contact method was carried out to
measure the optical loss utilizing the amplified spontaneous emission (ASE) spectra, where
the method and principles can be found in [27,28].

To understand the optical loss in the current LD structure, transmission measurement
and 1D optical mode simulation were done. A reflectometer (model: F10—RT—-UVX
by Filmetrics) at UCSB Nanofab was used to measure the transmission and absorption
coefficient of DL. Two samples were grown on double side polished (DSP) sapphire for
the measurement: one without DL as baseline and the other one with DL. The growths
started with a low temperature (LT) GaN as nucleation layer and then a high temperature
(HT) thick GaN growth for film to coalesce. After that, the same DL as laser samples was
grown, while for the baseline sample the In flow was removed so a thin LT GaN was grown
instead. And then, the temperature was raised to 1100 °C to grow a 400 nm GaN and
decompose DL. The transmission of DL was then measured with the baseline sample as a
reference, and the absorption coefficient can be extracted from the transmission based on
Beer-Lambert’s law: T = ¢~ (*pL)foL, where T is the transmission, (xpy ) is the absorption
coefficient of DL and tpy is the thickness of DL.

1D mode simulation was done by our home-made Matlab code using transfer matrix
method. Details of the simulation such as the model used to calculate refractive indices and
absorption coefficient numbers can be found in [29]. LD structures of both samples are set
to be the same as the sample epi mentioned in above paragraph, where the In composition
used in InGaN buffer and waveguide was obtained from RSM results.

3. Results and Discussion

RSM results of SRT1 and SRT2 from HRXRD are shown in Figure 2. From the peak
intensity and position of InGaN and GaN, we can obtain the In composition as the fol-
lowings: x1 = 0.029, y1 = 0.05, x2 = 0.033, y2 = 0.063. For SRT1, the InGaN buffer is
46.9% relaxed and waveguide is 36.7% relaxed, while for SRT2, the InGaN bulffer is
61.9% relaxed and the waveguide is 40.7% relaxed, with a calculation error range of 3-5%.
Note that a strong peak on the left side of the GaN substrate peak is observed for both
samples, which corresponds to the 700 nm GaN cladding layer under tensile strain accord-
ing to peak intensity and position. Although not shown here, we found the tensile GaN
peak existed even without any InGaN layer grown on top, suggesting that the tensile strain
arises from some defects forming during GaN growth on DL. Although more experiments
and characterizations are required, it is postulated that inclined threading dislocations
could be the possible reason [30], which has already been reported to be the mechanism of
tensile strain in AlGaN grown on AlGaN buffer/sapphire [31-33]. As can be observed, the
GaN cladding of SRT2 is under a higher degree of tensile strain, meaning a larger in-plane
lattice constant. Hence, the lattice mismatch of the InGaN layers grown on top is reduced,
leading to a higher relaxation degree and In content. Although the relaxation is not high
compared to our previous work of more than 85%, the 700 nm high temperature GaN help
prevent morphology degradation as mentioned in [22].



Crystals 2022, 12, 1230

40f8

(b)

6.26 6.28 6.3 6.24 6.26 6.28 6.3

1Q (nm™) Q| (v

Figure 2. RSM results of (a) SRT1 and (b) SRT2 from HRXRD utilizing (1124) off-axis.

The EL spectrum and single-facet light—current (L-I) characteristics of the ridge
with 1800 pm cavity length and 1.5 pm ridge width are shown in Figure 3a,b. The LDs
show a narrow lasing peak at 460.5 nm and 465.29 nm for SRT1 and SRT2, respectively.
From the L-I curve we can obtain the threshold current density (Jy,) of 51.1 kA/ cm? and
43.7 kA /cm? for SRT1 and SRT2, respectively. Segmented contact measurement results
of SRT1 and SRT2 are also shown in Figure 4. To have a fair comparison, the same ridge
width (1.5 pm) was measured for both structures. From the measurement, one can get the
spectra of I'g— (o) and —T'x—(ey;) under various injection current, where I  is the confine-
ment factor, g stands for gain, « stands for absorption and (o) is the internal loss. The
internal loss («;) can be extracted at long wavelength range where there is no absorption
from the active region, which is 27 ecm~! and 20 cm~! for SRT1 and SRT2, respectively.
It is also important to note that the slope efficiency extracted from L-I characteristics is
0.0249 W/ A for SRT1 and 0.0296 W/ A for SRT2. Under a reasonable assumption that the
carrier injection efficiency and mirror loss is the same for both samples, slope efficiency is
then only dependent on () [34]. Therefore, the observed higher slope efficiency confirms
the lower loss in SRT2, which is also as expected since Jy, of SRT2 is lower. It worth noting
that the slope efficiency is very poor compared to other work. Besides the high loss, we
found that the poor injection efficiency (n;) in our LD design is even more detrimental to
the low slope efficiency: although not shown here, the LDs without SRT has a 1}; of only
around 27%. With a higher loss of SRT, the devices need to be pumped even harder to reach
threshold, resulting in more bending in band diagram and thus more carriers leaking out
from active region. Assuming a perfect GaN/air interface, the mirror loss can be calculated
as 10 cm ™! for an 1800 pm cavity [34]. Using the above loss numbers, the calculated ; is
only 9% for SRT LDs, which is not surprising considering their high threshold.
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Figure 3. (a) EL spectrum showing the lasing peak at 460.5 and 465.29 nm for SRT1 and SRT2,
respectively. (b) Single facet L-I characteristics of SRT1 and SRT?2.
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Figure 4. Gain and loss spectra of (a) SRT1 and (b) SRT2 from segmented contact measurement.

The measured absorption coefficient (xp) from transmission measurement was
6 x 10*-8 x 10* cm~! in a wavelength range of 455-470 nm although not shown here. By
multiplying the simulated confinement factor in DL (I'pp) and (xpy), absorption loss of DL
(apr) can be calculated. The simulation results are summarized in Table 1. As shown in
the table, Tpp, of SRT2 is reduced to almost a half compared to SRT1, and apy, is 31 cm ™!
and 18.1 cm~! for SRT1 and SRT2, respectively. As expected, absorption loss from all other
layers beside DL (&) others) for both SRT1 and SRT2 is close to 10 cm ™!, which agrees well
with the loss of LDs without SRT in [22]. Absorption loss from DL can also be estimated
from segmented contact measurement results if we assume the extra loss of SRT LDs all
comes from DL absorption and all other layers have the same total absorption of 10 cm™ 1.
In this case, the estimated opy, for SRT1 and SRT2 is 17 cm~! and 10 cm ™!, respectively.
Note that although the deviation between experimental and simulation results could be
large due to an unknown refractive index in active region and DL, the trend of the loss
values agrees well between them: when comparing SRT1 to SRT2, o, from simulation
reduced by a factor of 0.747, which is almost equal to the number (0.741) obtained from
segmented contact measurement.

’

Table 1. Summary of 1D mode simulation results between SRT1 and SRT2, and the structure “New”
with better optimized waveguide/cladding structure.

I'nmows (%) I'pL (%) apr (em~1) a1l others (cm™1) Ogotal (cm™1)
SRT1 2.21 510 x 1072 31.0 9.28 40.3
SRT2 2.43 2.65 x 1072 18.1 11.98 30.1
New 2.42 396 x 1074 0.27 12.812 13.1

From the above results, absorption from DL can therefore be confirmed as the major
source of extra loss. The physics behind the loss reduction in SRT2 is because of a higher
In content in buffer and waveguide which suppresses optical leakage into DL as can be
seen in the simulation results as well. Note that the confinement factor difference in MQWs
(I'vgwss) for both devices is not remarkable compared to the loss, so it is again confirmed
that the improvement of Jy, and slope efficiency is mainly due to the lower loss of SRT2. By
optimizing the waveguide/cladding design, it is promising to approach an even lower loss
close to LDs without SRT. A more optimized LD structure denoted as “New” was simulated,
where the epi is same as SRT2 but with 100 nm of InGaN waveguide and 1 um of n-GaN
cladding. Both thicker waveguide and cladding thickness can reduce the mode leakage. As
shown in Table 1, the mode leakage can be greatly suppressed to less than 1 cm ™!, which is
almost negligible compared to the total loss of LD without SRT. The simulated mode profile
is shown in Figure 5, where there is little E-field leakage into DL as expected.
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Figure 5. 1D mode simulation of the New SRT structure as listed in Table 1.

4. Conclusions

In conclusions, InGaN based LDs grown on SRT with a lower internal loss and a
lower Jy, are demonstrated. From segmented contact measurement, the loss is reduced
from 27 cm~! to 20 cm ™!, and Jy, is improved from 51.1 kA /cm? to 43.7 kA /cm?, with a
1.22 times improvement in slope efficiency. Transmission measurement and 1D optical
mode simulation was done to verify the loss source. It is identified that a significant amount
of loss is generated from the mode leakage into the highly light absorbing decomposition
layer in SRT. By optimizing the waveguide/cladding structure to minimize the optical
mode leakage, it is promising to reduce the loss of SRT LDs to a similar amount as those
without SRT.
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