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Photoluminescence (PL) spectra of two different green InGaN/GaN multiple quantum well (MQW) samples S1 and
S2, respectively with a higher growth temperature and a lower growth temperature of InGaN well layers are analyzed over a
wide temperature range of 6 K—330 K and an excitation power range of 0.001 mW-75 mW. The excitation power-dependent
PL peak energy and linewidth at 6 K show that in an initial excitation power range, the emission process of the MQW is
dominated simultaneously by the combined effects of the carrier scattering and Coulomb screening for both the samples,
and both the carrier scattering effect and the Coulomb screening effect are stronger for S2 than those for S1; in the highest
excitation power range, the emission process of the MQWs is dominated by the filling effect of the high-energy localized
states for S1, and by the Coulomb screening effect for S2. The behaviors can be attributed to the fact that sample S2
should have a higher amount of In content in the InGaN well layers than S1 because of the lower growth temperature, and
this results in a stronger component fluctuation-induced potential fluctuation and a stronger well/barrier lattice mismatch-
induced quantum-confined Stark effect. This explanation is also supported by other relevant measurements of the samples,
such as temperature-dependent peak energy and excitation-power-dependent internal quantum efficiency.
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1. Introduction

Much attention has been paid to white light-emitting
diodes (WLEDs) for solid-state lighting applications due to
their excellent brightness, low power consumption, long life-
time, and environmental friendliness. 3! Generally, white
light emission results from the use of phosphor to transform
part of emissions of blue LEDs to the yellow—green spectral
range. The transformation is related to an energy loss termed
Stokes’ loss, which is on the order of 25% and thus restricts
the highest attainable phosphor-converted WLED efficiency
to much less than 100%:;*5! however, in principle, one can
avoid the loss through the use of phosphor-free monolithic
WLEDs, which are integrated by blue, green, and even red
long-wavelength InGaN-based LEDs, since the nitride sys-
tem can cover the entire spectral region of the emitted light
from near-ultraviolet to near-infrared by adjusting the compo-
sition of InGaN alloy. [6.7] Therefore, InGaN-based LEDs are
a promising candidate for realizing the phosphor-free mono-
lithic WLEDs operated at a high efficiency.

Currently, InGaN/GaN multiple quantum wells (MQWs)-
based blue LEDs with low In content have been found to have
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a high internal quantum efficiency (IQE) of about 90%, %]

however, by contrast, the IQE for the InGaN/GaN MQWs-
based long-wavelength (e.g., yellow—green) LEDs with high
In content is still much lower.!!°-1%] Several factors are respon-
sible for the deterioration of emission efficiency. First, because
of the low InN dissociation temperature, the high-In-content
InGaN must be grown at low temperatures: '3 however, unfor-
tunately, besides an increased density of structural defects!'4!
and incorporation of impurities,!'>! the use of a low growth
temperature for the InGaN well layers can result in more nu-
merous composition fluctuation-induced point defects!!o-13]
and a stronger well/barrier lattice mismatch-induced quantum-
confined Stark effect (QCSE) in the MQWs on account of the
high In content.!!'”) Nevertheless, it has also been reported that
in such InGaN/GaN MQW structures with a high-In-content-
induced compositional fluctuation, the In-rich regions in the
InGaN well layers, acting as localization centers with deep
potential levels, can restrict the outflow of carriers to non-
radiative recombination center around, thus improving the
emission efficiencies of the MQW structures.221] In addi-
tion, some studies have shown that for a series of InGaN/GaN
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MQW LEDs with similar structures but different growth con-
ditions, although those members in the set have almost the
same In content, their localization effects are different as re-
ported in Refs. [22,23]. These reports show that the emission
mechanisms of the InGaN/GaN MQW structures, especially
those of the InGaN/GaN MQW structures with lower growth-
temperatures used for formation of their InGaN well layers,
are diverse, and a comprehensive investigation is thus deemed
necessary.

In the present work, two green InGaN/GaN MQW sam-
ples with different growth temperatures of InGaN well lay-
ers are grown. To facilitate the incorporation of In into the
MQWs and improve the emission efficiency of the MQWs,
an underlying superlattice layer is introduced into both sam-
ples for releasing the strain in the MQW region.!?*-21 The
effects of growth temperature on the emission mechanism in
such samples are investigated by measuring the dependence of
photoluminescence (PL) spectra on temperature and excitation
power.

2. Experiment

Two green InGaN/GaN MQW samples (S1 and S2) under
study were grown on (0001)-oriented sapphire substrates via
metal-organic chemical vapor deposition (MOCVD). During
epitaxial growth, trimethylgallium (TMGa), ammonia (NH3),
trimethylindium (TMIn), and silane (SiH4) were separately
used as the precursors of Ga, N, In, and Si. The epitax-
ial structure for each of both samples includes a GaN buffer
layer (25-nm thick), an undoped GaN layer (4-um thick),
an Si-doped n-type GaN layer (3-pm thick), five periods of
Ing 05Gag.9sN/GaN (1 nm/5 nm) forming a strain relief layer
(SRL), and ten periods of InGaN/GaN (3 nm/17 nm) forming
the MQW active region, in turn. For better comparison, the
growth parameters of the two samples are the same except the
growth temperature of InGaN well layers in the active region,
which is 745 °C for S1 and 730 °C for S2.

Temperature and excitation-power-dependent PL were
measured by placing samples on a Cu cold-stage in a closed-
cycle He cryostat at temperatures ranging from 6 K to 330 K,
and a semiconductor laser (405-nm cw) with a spot size of
about 200 um and an operating range of 0.001 mW to 75 mW
was used as an excitation source. An iHR320 monochromator
(Jobin-Yvon) and a thermoelectrically cooled Synapse CCD
detector were used to scatter and detect PL signals, respec-
tively.

3. Results and discussion

Figure 1 shows the typical 5-mW PL spectra of samples
S1 and S2 detected at 6 K and 300 K, respectively, where all
PL spectra exhibit one InGaN-related main PL peak at around
2.35 eV. Two weak peaks denoted as 11O and 2L.O at 6 K for

both the samples are phonon replicas of the main PL peak. In
order to estimate the peak position and linewidth of the main
PL peak, the spectra are deconvoluted by multi-peak gaussian
fitting.?!! Additionally, it is also found from Fig. 1 that com-
parison between scenarios of samples S1 and S2 shows that the
main PL peak of S2 has a lower energy and a slightly larger
linewidth at all measured temperatures, and the integrated PL
intensity shows a more significant reduction as the temperature
increases from 6 K to 300 K. To further investigate the effects
of growth temperature of the InGaN well layers on the emis-
sion mechanism of the InGaN/GaN MQWs, both the temper-
ature and excitation-power-dependent PL spectra for the two
samples will be investigated.

E () 6K A

Intensity (arb. units)

~
Tl 1 L1aly 1 W

2.0 2.2 2.4 2.6
Photo energy (eV)

Fig. 1. The 5-mW PL spectra of S1 and S2 at (a) 6 K and (b) 300 K, with two
observed weak shoulder peaks (1LO and 2LO) at 6 K belonging to phonon
replicas originating from the main peak, thin dotted lines denoting fitted
Gaussion peaks of profile of S1 at 6 K, and empty circles referring to their
sum.

Figure 2 shows the dependence of the PL peak energy
and linewidth on excitation power for these two samples mea-
sured in a range of 0.001 mW-75 mW at 6 K. As seen from
Fig. 2, when the excitation power rises from 0.001 mW to
about 0.02 mW, the peak energy remains almost unchanged
while the linewidth narrows in a monotonic manner for each
of the two samples. This behavior can be explained as fol-
lows: with the increase of excitation power in the initial range
below about 0.02 mW, the increased free carriers in the In-
GaN matrix can weaken the QCSE in the MQWs, resulting
in an increase in peak energy accompanied by a decrease in
linewidth; meanwhile, the increased localized carriers in the
localized centers will enhance the carrier scattering effect,
which causes the localized carriers to transfer from the high-
energy localized centers to the low-energy localized centers
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by tunneling, resulting in a decrease in peak energy accom-
panied by a decrease in linewidth.[?->°! That is, the above
MQW-related emission processes for both samples should be
dominated simultaneously by the carrier scattering effect and
the Coulomb screening effect of QCSE in the initial excitation
power range. Nevertheless, by comparison, it is found from
Fig. 2 that the behaviour of the excitation-power-dependent
linewidth narrowing is more significant for S2 than for S1, in-
dicating that both the carrier scattering effect and the Coulomb
screening effect in the process should be stronger for S2 than
for S1.
above about 0.02 mW, the peak energy values for both samples
increase monotonically up to 75 mW, but the difference is that

Next, when the excitation power further increases

the linewidth of S1 significantly narrows below 10 mW due
to the Coulomb screening effect, and then markedly broad-
ens because of the filling effect of the high-energy localized
states; in contrast, the linewidth of S2 slightly broadens below
0.1 mW due to the filling effect of the low-energy localized
states, and then significantly narrows because of the more sig-
nificant Coulomb screening effect.
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Fig. 2. Excitation-power-dependent peak energy and full-width at half-
maximum (FWHM) for (a) S1 and (b) S2 measured at 6 K.

The above results obtained from Figs. 1 and 2 suggest
that S2 should have a higher In content in the MQW than
S1 due to the lower growth temperature, and thus causing a
more significant component fluctuation-induced potential fluc-
tuation and a stronger well/barrier lattice mismatch-induced
QCSE for S2, which eventually results in the aforementioned
stronger excitation-power-dependent carrier scattering effect
and Coulomb screening effect (Fig. 2), respectively.

Figure 3 shows the excitation-power-dependent PL peak
energy and linewidth of the two samples in a range of

0.001 mW-75 mW at 300 K. With the excitation power in-
creasing, the PL peak energy and linewidth for each of the
two samples exhibit an excitation-power-dependent approx-
imately “V-shape” (decreasing-increasing) and an approx-
imately “N-shape” (broadening-narrowing-broadening), re-
spectively. These behaviors are often observed in similar
InGaN/GaN-based structures,?!"2”1 and can be explained as
follows. Under the 300-K high temperature measuring con-
ditions, the defect-related non-radiative centers are thermally
activated, with excitation power increasing in the initial excita-
tion power range below a critical value (P ), the non-radiative
recombination dominates the emission process in the MQW,
thus leading the peak energy to decrease and the linewidth to
broaden as shown in Fig. 3. Here, P, is about 0.05 mW for S1
and about 0.2 mW for S2. In the case for the excitation power
higher than P, as an increasing excitation power makes the
non-radiative centers saturated, the Coulomb screening of the
QCSE followed by the band-filling of high-energy localized
states dominates the emission process of the MQWs for both
samples. Moreover, it can also be seen from Fig. 3 that the
excitation-power-dependent behaviors of the peak energy and
linewidth in the initial non-radiative recombination process
and in the subsequent Coulomb screening process, are more
significant for S2 than for S1. These results, together with the
larger P, (0.2 mW) of S2 than that of S1 (0.05 mW) mentioned
above, indicate that S2 should have more non-radiative centers
and stronger QCSE in the MQW than S1, which is consistent
with those obtained from Figs. 1 and 2.
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Fig. 3. Excitation-power-dependent peak energy and FWHM for (a) S1 and
(b) S2 measured at 300 K.

To examine and compare the carrier localization effects
of the two MQW structures, figure 4 shows the curves of
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peak energy shift versus temperature for these two sam-
ples at 0.005 mW and 75 mW, respectively. At 0.005 mW
(see Fig. 4(a)), the peak energy of sample S1 exhibits an
“S-shaped” (decreasing-increasing-decreasing) temperature-
dependent behavior, while that of S2 demonstrates an ap-
proximately “V-shaped” (decreasing-increasing-remaining al-
most constant) relationship. These behaviors are often ob-
served in similar InGaN/GaN-based structures, and ascribed
to the potential fluctuation and localized nature of carrier re-
combination caused by compositional fluctuation in the In-
GaN well layers.[1%21:30-331 However, these behaviors shown
in Fig. 4(a) also indicate that S2 has a stronger carrier local-
ization effect than S1, since the carrier thermalization process
following what is predicted by Varshni’s equation in the high-
temperature range as observed in sample S1, is not seen in

sample S2.[3433]
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Fig. 4. Temperature-dependent peak energy shift for S1 and S2 measured at
(a) 0.005 mW and (b) 75 mW.

Furthermore, as the excitation power increases from
0.005 mW to 75 mW, it is found that both the “S-shaped” be-
havior for S1 and the “V-shaped” behavior for S2 as shown
in Fig. 4(a) evolve into an inverted “V-shaped” (increasing-
decreasing) relationship (Fig. 4(b)) due to the carrier localiza-
tion effect decreasing markedly. 3! Nevertheless, as a com-
parison, one can see from Fig. 4(b) that the critical tempera-
ture corresponding to the maximum of the peak energy shift,
is greater (160 K) for S2 than for S1 (140 K); also, the depth
of the localized states, which is estimated from the discrep-
ancy between the curve of the peak energy shift versus tem-
perature and the Varshni’s curve at low temperatures,%2%! is
greater (~ 32.8 meV) for S2 than for S1 (~ 24.2 meV). These
results indicate that S2 has a stronger carrier localization ef-
fect than S1, which is in good agreement with the aforemen-

tioned result. Moreover, it is also found from Figs. 14 that
S2 has a stronger localization effect and QCSE than S1, but
its linewidth is only slightly larger. The reason is not clear. It
may be because S2 has a better homogeneity in the depth of
the localized state than S1,13¢! and this partially compensates
for its stronger QCSE-induced linewidth broadening.
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Fig. 5. Excitation-power-dependent IQE for samples S1 and S2.

To explore the influence mechanism of the well layer
growth temperature on recombination efficiency, the IQE,
which is defined as the ratio of the PL efficiency at 300 K
to the maximum PL efficiency at 6 K, is plotted as a function
of excitation power for both S1 and S2 (Fig. 5). Here, the PL
efficiency is defined as the integrated PL intensity divided by
the corresponding excitation power density, and the maximum
PL efficiency value at 6 K is assumed to be nearly 100% in
the present study.[37-38] With the excitation power increasing
from 0.005 mW to 75 mW, the IQE value of S1 markedly
increases below 10 mW followed by relatively slowly in-
creasing up to 75 mW, implying that the growing of photo-
generated carriers can gradually saturate those non-radiative
recombination centers thermally activated at 300 K, and this
results in the carrier recombination mechanism in the MQWs
gradually evolving from one of non-radiative recombination
to radiative recombination;[*!! in contrast, however, the IQE
value of S2 first increases slightly below about 0.02 mW, then
decreases slightly until about 0.2 mW, and finally increases
markedly up to 75 mW. The excitation-power-dependent in-
crease of the IQE value of S2 both in the initial excitation
power range (< 0.02 mW) and in the final excitation power
range (> 0.2 mW) is believed to be related to the dominant
non-radiative recombination, similar to the description for S1
in Fig. 5, but the excitation-power-dependent decrease of the
IQE value of S2 in the intermediate excitation power range
of 0.02 mW-0.2 mW, may correspond to the marked weak-
ening of carrier localization effect. The explanations are also
supported by the experimental fact that compared with S1, S2
exhibits a high IQE in the initial excitation power range below
about 0.05 mW, which may be due to the stronger carrier local-
ization effect as mentioned above, and a lower IQE in the high
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excitation power range above about 0.05 mW may mainly be
because of the presence of more numerous defect-related non-
radiative centers as confirmed in Fig. 3. Moreover, the claim
that there is a larger number of non-radiative centers in S2 than
in S1, is also consistent with the experimental result that in
contrast to S1, S2 does not exhibit excitation-power-dependent
saturation trend of the IQE even in the higher excitation power
range above 10 mW (Fig. 5).

4. Conclusions

Excitation-power-dependent and temperature-dependent
PL spectra of two different green InGaN/GaN MQW sam-
ples S1 and S2, in which InGaN well layers are separately
deposited at a higher temperature of (745 °C) for S1 and a
lower temperature (730 °C) for S2, are investigated. When
the excitation power increases in an initial excitation power
range below about 0.02 mW at 6 K, the peak energy re-
mains almost unchanged while the linewidth narrows mono-
tonically for both the samples S1 and S2, but the behavior of
the excitation-power-dependent linewidth narrowing is more
significant for S2 than for S1. The behaviors indicate that
in the initial excitation power range, the emission processes
of the MQWs for both the samples are dominated simulta-
neously by the carrier scattering effect and Coulomb screen-
ing effect, but both the scattering effect and the screening
effect in the process are stronger for S2 than for S1; how-
ever, when the excitation power rises in the highest excitation
power range above about 10 mW, the peak energy increases
monotonically for both the samples, but the peak linewidth
markedly broadens for S1 and significantly narrows for S2, in-
dicating that the excitation-power-dependent Coulomb screen-
ing effect is stronger for S2 than for S1 in the highest exci-
tation power range. The above results indicate that S2 has
a higher amount of In content in the MQWs than S1 due to
the lower growth temperature, and this results in the more
significant compositional fluctuation-induced potential fluctu-
ation and the stronger well/barrier lattice mismatch-induced
QCSE. This explanation is also supported by the measure-
ments of the excitation-power-dependent PL peak energy and
linewidth at 300 K, the temperature-dependent peak energy,
and the excitation-power-dependent IQE.
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