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ABSTRACT

Broad emission bands due to defects in (In,Ga,Al)N laser diodes operating at 440 nm are investigated using continuous-wave and pulsed
currents. In addition to known yellow-green and short-wave infrared bands, defect emissions were observed even in the medium-wave
infrared range. A separation from thermal radiation is possible. When using pulsed currents, a super-linearly increasing emission occurs at
~1150 nm, which could be attributed to amplified spontaneous emission mainly due to the electroluminescence of deep defects in the optically
active region. These results may be useful in interpreting the output power bottleneck of GaN-based lasers compared to mature GaAs-based
lasers.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5143802

GaN-based laser diodes (LDs) are on track to becoming the
major source of photonic power in the blue-green spectral region.'
Currently, they suffer from an efficiency drop at high current den-
sities, limiting the output power to several watts (single chip), far
below those of mature GaAs-based LDs (up to hundreds of watts per
single chip).” One of the main reasons is attributed to the abundant
defects in the GaN base material.” These defects, of course, pro-
duce all the residual emissions in addition to the desired laser line.
Spontaneous edge emissions can occur from materials that are part
of the epitaxial architecture, such as barriers or waveguides.1 Tran-
sitions via states generated by defects in the active region,” wave-
guide,” or the substrate” are further potential sources. In earlier
studies, we investigated the microscopic origin of transitions such
as the very intense yellow emission at ~580 nm’ and the short-wave
infrared (SWIR) emission'” for 450 nm GaN-based devices using
continuous-wave (cw) currents.

Here, we investigate broad defect emissions and the operation-
induced thermal radiation of 440 nm GaN-based LDs operated
with cw and pulsed currents. The results show that, in addition to
the well-known yellow-green and SWIR emissions, genuine defect

emissions can extend into the medium-wave infrared (MWIR)
region and can be separated from thermal radiation. More inter-
estingly, SWIR defects can produce amplified spontaneous emission
(ASE) peaking at ~1150 nm when pulsed currents are applied. By
comparing the emissions with the photoluminescence (PL) from a
pure GaN substrate, the origin and the cause of this deep defect-
related ASE are discussed and interpreted. The results could provide
insights into the output power bottleneck of GaN-based LDs and
help in enhancing the stability of the devices.

LDs emit at a wavelength of 440 nm. Their epitaxial architec-
ture is based on an (In,Ga,Al)N sequence of epitaxial layers consist-
ing of an asymmetric multiple quantum well (QW) and a GaN-based
waveguide with Si- and Mg-doped n- and p-cladding layers, respec-
tively."" The 15-yum-wide emitter strip is located off-center on the
top of the chips, which are packed n down. The length of the cavity
is 1.2 mm. They are housed in a TO56 package; in addition, see the
data sheet for the PL TB450B device elsewhere.'”'" The threshold
current I, = 0.15 A (~0.8 kA cm™2), the slope efficiency is 1.6 W
A", and the emission power at a current of 1.2 A is typically 1.6 W
(~8.9 kA cm™?) at a temperature of 25 °C. Eight devices were used
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in our study. Electroluminescence (EL) spectra produced with cw or
pulsed currents (HP 8114A) were recorded from the front facet of
the devices using a Horiba optical grating-based spectrometer and
a Bruker Fourier-transform infrared spectrometer equipped with
liquid-nitrogen-cooled Ge and HgCdTe detectors. In our experi-
ments, different long- or short-pass filters were used to block spec-
ified radiation signals. For comparison, PL was also produced from
the GaN substrate using excitations at 442 nm or 457 nm. To avoid
excitation-induced thermal effects, the modulated PL (mPL) mea-
sured by the step-scan mode of the Fourier-transform infrared spec-
trometer was produced by chopping the excitation wavelength.'*
Measurements were made at a stable 25°C using water-cooled
Peltier stages or directly at ambient temperature.

Figure 1(a) shows the EL spectra of a GaN-based device in the
primary emission range for different cw currents. The typical spon-
taneous emission (marked by A) of the InGaN QW layer at ~0.03 A
is far below Iy, (= 0.15 A), and the stimulated emission (marked by
L) is ~440 nm at ~0.2 A. The inset shows the laser line of ~440 nm at
~0.4 A which is far beyond I,. In addition, besides the spontaneous
or stimulated emission centered at ~440 nm, there is a separate
emission band peaking at ~550 nm (marked by B).

Figure 1(b) shows the EL for band B after removing the strong
emission from the QW with a long-pass filter of 488 nm. For the
entire cw-current range (even below Iy,), band B is always visible
and has the same spectral shape. The inset shows the dependence
of the integrated intensity of band B on current. It increases linearly
at first with a slope of ~1 (in a log-log scale) and then sub-linearly
beyond Iy,. For confirmation, the EL spectrum for an extremely
low cw current is also shown without the long-pass filter, which
shows that it is possible to record the spontaneous emission (with-
out the stimulated emission) of the device. Indeed, the broad emis-
sion from the QW peaks at ~440 nm. There is a half-frequency
peak centered at ~880 nm due to the grating-based detection
system.

Note that the GaN substrate has abundant defects”'” and fre-
quently produces yellow—green band emissions.'”'” This allows us
to attribute band B to the defect-related PL from the GaN substrate.
However, Fig. 1(b) shows the PL spectrum of the pure GaN material
in the yellow-green region for 442 nm excitation. It is obvious that
the PL line shape for GaN is quite similar to that for the device, but
the entire spectrum has a red shift (~40 nm). This suggests that band
B is an EL signal from defects in the GaN-based QW. The ~40 nm
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blue shift of the device compared to GaN could result from the quan-
tum confinement of the optically active region of the device (i.e.,
the depletion region of the pn-junction, which contains QWs, bar-
riers, and vicinal waveguides), which broadens the emission energy
of defect-related transitions. The saturation of the integrated inten-
sity when the current is beyond I, as shown in the inset, indicates
that the emission is caused by the recombination of carriers in the
active region. These features of band B are consistent with our pre-
vious observations of GaN-based 450 nm devices.” Based on spatially
resolved measurements of emissions and modeling, the ~580 nm
emission band was attributed to the defect-related EL from the opti-
cally active region, without any contributions due to PL from the
GaN substrate.

Figure 2(a) shows the EL in the SWIR range (as measured by the
Ge detector) for different currents. The spectral shape is similar to
that of GaN-based 450 nm LDs operated with cw currents'’ and can
be tentatively divided into three parts, marked C, D, and E. However,
note the weak band E and, more importantly, the emission between
bands C and D, as well as the complicated MWIR emission. The fig-
ure shows that at alow current of 0.1 A without stimulated emission,
bands C and D are not clearly separate, while band E is present. As
the current increases to 0.4 A, at which stimulated emission occurs,
the EL becomes stronger but with a similar spectral shape. However,
the curves have the following differences: (i) band E becomes more
distinct without a significant increase in the intensity than bands C
and D, and (ii) an absorption-like valley occurs at ~1130 nm (almost
corresponding to the absorbance of aqueous vapor but not in the
EL spectrum at 0.1 A), making bands C and D more distinct. Please
be aware that the mPL spectrum of GaN, which is recorded with a
mechanically chopped 457 nm excitation, almost traces the EL spec-
trum of the device at ~0.1 A [normalized; without an energy shift
like that shown in Fig. 1(b)] but not for band E, as shown in Fig. 2(a).
This suggests that (i) the SWIR defect emission, including bands C
and D, is very likely from the GaN substrate, and (ii) band E may also
be related to a genuine defect emission but from a different position
from bands C and D although it seems like a thermal-related signal
because it is not seen in the mPL spectrum after removing thermal
accumulation.

Figure 2(b) shows the EL spectrum of the device at 0.4 A
but without the temperature-stabilization system (i.e., the 0.4 Ax
curve), which means that thermal energy should accumulate in the
device. It is obvious that the three emission bands (C-E) are largely

FIG. 1. EL spectra of a device (a) in the
primary line range and (b) in the visible-
near infrared range for different cw cur-
rents. In (a), the inset shows the sponta-
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strengthened and become more separate, in comparison with the
curve at the same current of 0.4 A with the temperature-stabilization
system. Thus, the difference between the two spectra, ie., the T
curve in the panel, roughly indicates the thermal effect of the device
(including the potential emission from defects by thermal activa-
tion). As a comparison, the T; curve shows the difference between
the curves 0.4 A and 0.1 A (both with the temperature-stabilization
system). For this curve, bands C and D are evidently visible, and
band C overlaps the T. curve. Band E, which can be related to
thermal radiation, is extremely weak. This demonstrates that (i) as
the current increases up to 0.4 A, the device with a temperature-
stabilization system shows no evident thermal accumulation, and
(i) the T; curve is the real defect emission of the device due to
the increase in the current, almost without any contribution from
thermal radiation in the SWIR range. Thus, the SWIR emissions,
including C, D, and E, must originate from intrinsic deep defects in
the device. It can be assumed that the curve T in the panel, which is
the difference between the T, and T; curves when the temperature-
stability system is absent, should be pure thermal radiation due to
thermal accumulation. The broad absorption-like valley centered
at ~1400 nm is definitely due to aqueous vapor, while the one at
~1130 nm needs further investigation.

Further details of the thermal effects can be seen in Fig. 2(c).
The figure shows the PL spectra for different excitation directions

for the GaN material, i.e., the surface on which the epilayers are
grown and the side facet. The figure shows that due to the high
excitation density, band E in the PL spectra is pronounced [but
it is not visible in the mPL spectrum shown in Fig. 2(a)] com-
pared to the EL spectrum at 0.1 A, which indicates that there
are almost no thermal effects. This suggests that band E, which
is from deep defects, can be substantially strengthened by thermal
radiation if the (photon/current-induced) temperature effect can-
not be effectively reduced in the device. In addition, the thermal
accumulation on the side facet of the GaN wafer is much higher
than that on the growth facet, even for the lower excitation den-
sity. This is also consistent with the anisotropic thermal conductiv-
ity of the GaN material,'® and a heat-transport consideration con-
firms that the lattice surface chosen for the QW growth has been
optimized."’

Figures 2(d)-2(f) summarize the dependence of the integrated
intensity on the current of the three EL bands, C-E, with (blue
solid symbols) and without the temperature-stabilization system
(red open symbols). It is evident that all bands, including band E,
have a similar evolution, i.e., increasing nearly linearly at first and
then sub-linearly after a critical value of I » 0.5 A. The red open
symbols represent the thermal accumulation of the device as long as
there is a thermal load during operation. It is clear that at low cur-
rents, the red open symbols are substantially higher than the blue
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solid symbols, but then they approach each other when the current
is above ~0.5 A. By extrapolating the blue solid symbols (with the
temperature-stabilization system) to low currents, one can see close
agreement with the red open symbols (without the temperature-
stabilization system), roughly until Iy,,. These features, including the
sub-linear increase beyond 0.5 A of the blue solid symbols with
the temperature-stabilization system, can characterize the defect-
related emission of the three bands C-E, which can be thermally
quenched when the thermal load increases, e.g., beyond 0.5 A. Here,
we should again emphasize that even at 0.1 A, where no thermal
effect can be expected, band E in the EL spectrum is already evi-
dent by referring to the non-zero value at I = 0 A, e.g., see Il (i = E,
D, or C) in the panels. This should exclude the main contribution of
operation-induced thermal radiation when I << 0.5 A and leaves only
the contribution of the genuine defect-related emission. Notice the
transition of the EL integrated intensity of band E at Iy, i.e., there
is a steeper slope after lasing takes place beyond 0.15 A. This sug-
gests it is different from bands C and D. This may indicate that the
defect-related band E makes a larger contribution to the EL (from
the optically active region) than to the PL (e.g., bands C and D from
the substrate) due to the excitation of the primary spontaneous and
stimulated emissions of the device since it cannot be seen in the mPL
spectrum for the pure GaN material.

To reveal the thermal effect and its relation with deeper defects,
emissions in the MWIR range up to 12 yum were recorded with
a dual-channel HgCdTe detector. Figure 3(a) shows the thermal-
related radiation of the device for a 1 A cw current with the
temperature-stabilization system after subtracting the signal for 0 A
(i.e., the room temperature background radiation). This thermal
radiation has a peak at ~7.8 ym, which is roughly for a tempera-
ture of ~375 K due to the operation-induced thermal accumulation
at 1 A, although the temperature-stabilization system was used. The
ratio between the 1 A and 0 A curves, as shown in the figure, has
a peak at ~4.5 ym with a broad tail down to ~11 pm, which could
be for emissions that are not from thermal radiation but from deep
defects.

Figure 3(b) shows the dependence of the integrated intensity on
the current at ~4.5 ym and ~8.0 ym with or without the temperature-
stabilization system. It shows that from the lowest current close to
zero, the integrated intensity increases almost linearly at first (which
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would be more evident in a log-log scale; not shown) but then super-
linearly for a critical current of ~0.5 A. This is totally different from
the sub-linear behavior in the SWIR range, as shown for band E
in Fig. 3(c). However, the critical current of ~0.5 A is almost the
same as when using the Ge detector, beyond which the thermal effect
governs the emission signal. Taking into account that the linear evo-
lution still occurs when the current is increased across Iy, and the
thermal effect is expected to be small for extremely low currents,
we can infer that the linear increase in the emissions below 0.5 A
is really from a defect-related EL signal, whereas the super-linear
evolution is mainly due to the thermal radiation generated during
operation. This assumption is supported by the steeper slope at ~4.5
pm after 0.5 A, which indicates that the signal strengthens at higher
temperatures.

Following the discussion above, we can understand that the cw
current can lead to the weak thermal effect after Iy;,, but below the
critical point of 0.5 A, the effect is drained away by the temperature-
stabilization system. To avoid the thermal effect, pulsed currents
were used to operate the devices. Figure 4(a) shows the EL spectra
for different pulsed currents. The typical pulse width is 1 us (variable
from ~0.1 us-10 ps). A pulsed width of 1 ys with a pulsed peak of 1 A
corresponds to 1 us A (or 1 4C). Interestingly, when the peak of the
pulsed current is increased beyond Iy, increased spontaneous emis-
sion (or ASE) occurs from SWIR defects. For comparison, EL spectra
with cw currents of 0.1 A and 0.4 A are also shown in the figure. It is
clear that the ASE peaks at ~1150 nm (marked by a star), almost close
to the valley (at ~1130 nm) of the emission spectrum for the 0.4 A
cw current. Notice that (i) no evident change in the emission spectral
shape is observed in other waveband ranges, e.g., the yellow-green
region that is shown in Fig. 1(b), and (ii) pulsed currents can reduce
the thermal accumulation. Thus, no thermal radiation contributes to
band E. The absence of a red shift of the primary spontaneous emis-
sion and, of course, the deep defect-related emission also confirm
this hypothesis. This indicates that the primary origin of band E is
from intrinsic deep defects, on which the thermal radiation signal is
then superimposed.

Figure 4(b) shows the pulsed-current dependence of the SWIR
signal that is divided into two parts: one at ~900 nm and the other at
~1150 nm. The ~900 nm signal increases sub-linearly toward sat-
uration and then decreases, while the ~1150 nm signal increases
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super-linearly (i.e., ASE) as the pulsed current increases. Notice
that (i) different pulse widths and repetition rates have been used,
which give a similar evolution of the two emission parts, (ii) the data
shown in Fig. 4(b) are recorded at the same repetition rate of ~40
kHz, which ensures the full-recombination/relaxation of the non-
equilibrium carriers after each pulse, and (iii) more importantly, the
ASE can hardly be seen when the pulsed current is below Iy,. This
suggests that (i) the data in Fig. 4(b) are comparable and convinc-
ing even if there are slight changes in the pulse width and the pulsed
peak current, and (ii) this SWIR defect-related ASE could be from
deep defects in the optically active region, as an accompaniment to
the stimulated emission from the InGaN QW of the device.

Note that the spontaneous emission from the SWIR defects
observed for the cw currents can be amplified as ASE with pulsed
currents only if the pulsed peak current is beyond Iy. The main
difference between pulsed and cw currents is that the former pre-
vents thermal accumulation in the optically active region, especially
in the QW. In other words, a pulsed current significantly reduces
the non-radiative recombination of the non-equilibrium carriers in
the optically active region. Further, it enhances the lasing of the
InGaN QWs and promotes the radiative recombination of the non-
equilibrium carriers in the deep defects. In the resonance cavity,
the defect-related spontaneous emission is amplified. As discussed
above, for cw currents, the SWIR emission, including the range of
~1130 nm-1160 nm, is dominated by the PL signal from the GaN
substrate. Thus, the ASE peak at ~1150 nm could mainly be due to
EL from deep defects in the InGaN QWs, with a minor contribution
from PL due to the excitation of the primary lasing line (440 nm)
in the deep defects in the device, including in the InGaN QWs and
the GaN substrate since the peak can be observed only when the
pulsed current is beyond Iy,. Then, the valley at ~1130 nm for cw
currents, which is the PL signal from the GaN substrate, may be due
to two factors: (i) the absorption of the aqueous vapor and (ii) the
extraction of carriers from the deep defects, resulting in stimulated
emission in the InGaN QWs when the cw current is beyond Iy,.
This observed ASE also suggests that the SWIR defects have a key
detrimental influence on the devices since they consume the non-
equilibrium carriers, either as a radiative recombination signal or as
a thermal-accumulated radiation signal.

We should emphasize that the IR emissions investigated in our
work are small in power compared to laser emissions. Experimental
estimations using optical density filters lead to the conclusion that

10'

Pulsed-I (nC)

all IR-emissions together account for less than 107> of the primary
power of the laser. In numbers, this means that there is less than
~1 mW of IR emissions at 1.6 W output power. Therefore, the loss
of quantum yield caused by the IR emission is rather small. Never-
theless, it is important to pay attention to the IR emissions when
practically applying such diode lasers, especially, for example, in
metrology or analytics, where these emissions can falsify the results.
In addition, we point out that even IR emissions can be optically
amplified. If such effects are strongly pronounced, this could even
become a relevant loss mechanism.

In summary, we have analyzed broad emission bands for
defects in 440-nm-emitting (In,Ga,Al)N LDs operated with cw and
pulsed currents. In addition to the primary spontaneous and stimu-
lated emission, the defect-related yellow-green band, and the SWIR
band, the defect emission can even extend into the MWIR band.
Moreover, the thermal radiation can be separately detected and
identified. Consistent with our previous work, the yellow-green
emission is the EL signal from defects in the active area (QWs
and waveguide) under the emitter stripe. The SWIR emission, how-
ever, is complicated. On the short wavelength side, it is mainly
due to the PL signal from deep defects in the GaN substrate (e.g.,
below ~1000 nm), whereas on the long wavelength side (beyond
~1400 nm), it is due to EL from the optically active region, which
is superimposed on the thermal radiation. The special middle part
(1000 nm-1400 nm) is generated in the GaN substrate by photo-
excitation in deep-level defects by spontaneous primary emission
for cw currents. For pulsed currents, the EL due to defects in the
optically active region dominates and produces an ASE peak at
~1150 nm. These results reveal the key detrimental influence of the
SWIR deep defects on the non-equilibrium carriers in GaN-based
devices. Further investigations on how to prevent these defects are
important for improving the efficiency and stability of these devices.
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