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The effects of GaN cap layers on the optical properties of green luminescent InGaN-based multiple quantum wells were studied by
photoluminescence (PL) spectroscopy. The PL peak energy under the selective excitation of the InGaN well layers was lower than that under
the band-to-band excitation of the GaN barrier layers. The difference in the PL peak energies between the selective and band-to-band excitations
decreased as the cap layer thickness increased, indicating an increase in the nonradiative recombination of photogenerated carriers in the barrier
layers. Moreover, the internal quantum efficiency under selective excitation decreased as the cap layer thickness increased because of the
increase in the internal electric field strength. © 2023 The Japan Society of Applied Physics

1. Introduction

InGaN-based light-emitting devices are presently the main
type of solid-state light sources in the near-UV and blue
spectral range.1,2) Although the luminescence efficiency of
InGaN-based light-emitting devices could still be increased in
the green and the longer wavelength range, this improvement
is impeded by the difficulty in growing In-rich InGaN/GaN
multiple quantum wells (MQWs). Therefore, obtaining In-
rich InGaN/GaN MQWs with high optical quality is key to
improving the luminescence efficiency.
InGaN/GaN MQWs are difficult to obtain mainly because

the In-rich InGaN well layers are difficult to grow due to the
large lattice mismatch and low miscibility between GaN and
InN.3) In addition, the difference in growth temperature
between the In-rich InGaN well layers and GaN barrier
layers is a further obstacle to obtaining high-quality In-rich
InGaN MQWs. Because the In–N bond strength is lower than
the Ga–N bond strength, the growth temperature of the In-
rich InGaN layers is generally lower than that of the GaN
barrier layers; thus, the ambient temperature is increased
before the GaN barrier layers are grown. However, increasing
the ambient temperature causes In atoms to desorb from the
InGaN layers, which decreases the In composition of the
InGaN well layers and degrades the interface between the
InGaN well and GaN barrier layers.4,5)

A method using GaN cap layers and a low growth
temperature has been proposed for suppressing the desorption
of In atoms from InGaN well layers effectively.6–11)

Increasing the GaN cap layer thickness lengthens the
luminescence wavelength and narrows the luminescence
linewidth due to the suppression of the In atom
desorption.7,8) However, the luminescence intensity de-
creases as the GaN cap layer thickness increases.6–8,10,11)

Therefore, to use the GaN cap layers effectively, it is
important to understand their effects on the optical properties
of InGaN-based MQWs.
Excitation wavelength- and excitation power density-

dependent photoluminescence (PL) measurements are
powerful techniques for studying the optical properties of

MQW systems. These techniques allow the optical properties
of the well layer to be evaluated selectively as a function of
excitation power density,12–14) thereby allowing the effects of
GaN cap layers on the optical properties of InGaN well layers
to be evaluated selectively. In the present work, we study the
effects of GaN cap layers on the PL properties of green
luminescent InGaN/GaN MQWs. We conduct excitation
power density-dependent PL measurements for InGaN/GaN
MQWs with GaN cap layers of different thicknesses under
the selective excitation of InGaN well layers and the band-to-
band excitation of GaN barrier layers.

2. Experimental procedure

InGaN/GaN MQWs were grown using metalorganic vapor
phase epitaxy on a c-plane sapphire substrate following the
deposition of a 30 nm thick low-temperature GaN buffer
layer, a 2.9 μm thick undoped GaN layer, and 10 periods
of 1 nm thick InGaN/3 nm thick InGaN strained super-
lattice layers. Figure 1 shows the schematic of InGaN/GaN
MQWs used in the present work. The MQW layer
consisted of six periods of a 2.5 nm thick InGaN well
layer separated by 6.5 nm thick GaN barrier layers. The
surface of the samples was terminated by a 10 nm thick
GaN upper barrier layer. The GaN barrier layer comprised
a GaN cap layer, a high-temperature GaN layer, and a 1.3
nm thick GaN underlayer for the InGaN well layer. Here,
the GaN cap layer was grown directly on each InGaN well
layer, and thus the InGaN well layer is sandwiched
between the GaN cap layer and the GaN base layer. The
GaN cap layer was grown at the same growth temperature
as the InGaN well layer in order to suppress the desorption
of In atoms from the InGaN well layer. The GaN under-
layer was also grown at the same growth temperature as of
the InGaN well layer. We prepared three samples with
GaN cap layer thicknesses of 0.65, 0.9, and 1.3 nm. for
samples A, B, and C, respectively. The total thickness of
GaN barrier layers was the same for the samples A, B, and
C. These three samples were grown using an identical
sequence, excluding the growth times of GaN cap layers
and high-temperature GaN layers.
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PL measurements were performed using a wavelength-
tunable dye laser pumped by a Xe–Cl excimer laser (308 nm)
as an excitation source with a pulse width of 20 ns and a
repetition rate of 100 Hz. The PL signal was detected by a
liquid nitrogen-cooled charge-coupled device camera and a
single-grating monochromator having a focal length of 50 cm
and a 2400 grooves mm−1 grating. The estimated spectral
resolution was <0.04 nm (i.e. less than 0.2 meV at approxi-
mately 2.4 eV).

3. Experimental results

3.1. PL spectra
Figure 2 shows the PL spectra of three samples at 295 K
under an excitation power density of about 10 kW cm−2. The

solid and dashed lines indicate the PL spectra taken at
excitation wavelengths of 386 and 340 nm, respectively,
normalized to the peak intensity of each spectrum. We
confirmed that the excitation at wavelengths of 386 and
340 nm corresponded to the selective excitation of the InGaN
well layers and the band-to-band excitation of the GaN
barrier layers, respectively. The PL band observed around
3.3 eV in the PL spectra of the band-to-band excitation was
attributed to the PL from the GaN barrier layers. The PL
spectra from the well layers for both the band-to-band and the
selective excitations consisted of a single emission band and
were accompanied by interference fringes. The PL peak from
the well layer under selective excitation (solid lines) was at a
lower energy than that under the band-to-band excitation for
all samples. The PL peak shifted to a lower energy as the
GaN cap layer thickness increased under both the selective
and the band-to-band excitations.
Figure 3(a) shows the PL peak energy for both the

selective and the band-to-band excitation conditions under
an excitation power density of about 10 kW cm−2 as a
function of GaN cap layer thickness. Because there were
nonnegligible interference patterns in the PL spectra, the PL
peak energy was estimated by fitting using a Gaussian
distribution function. As shown in Fig. 2, the PL peak energy
of the band-to-band excitation (closed squares) was higher
than that of the selective excitation (closed circles) for all
samples, and the PL peak energy decreased as the GaN cap
layer thickness increased under both excitation conditions.
The decrease in the PL peak energy can be explained by an
increase in the In composition of the InGaN well layers. It
should be noted that it was difficult to estimate accurately the
In composition of the well layers by X-ray diffraction (XRD)

Fig. 1. (Color online) Schematic of InGaN/GaN multiple quantum wells.
The 6.5 nm thick GaN barrier layer comprised GaN cap layer (0.65, 0.9, and
1.3 nm), high-temperature GaN layer (4.55, 4.3, and 3.9 nm), and 1.3 nm
thick GaN underlayer.

(a)

(c)

(b)

Fig. 2. (Color online) Photoluminescence spectra of samples (a) A, (b) B,
and (c) C at 295 K under an excitation power density of about 101 kW cm−2.
The solid and dashed lines indicate the PL spectra under the selective
excitation of InGaN well layers and the band-to-band excitation of GaN
barrier layers, respectively.

(a)

(b)

Fig. 3. (Color online) Dependence of photoluminescence (a) peak energy
and (b) linewidth (full-width at half maximum) on the GaN cap layer
thickness. The closed circles and squares indicate the results under the
selective excitation of InGaN well layers and the band-to-band excitation of
GaN barrier layers, respectively.
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measurements due to the low interfacial abruptness between
the well and barrier layers and the overlapping of the XRD
patterns of the well layers and InGaN strained superlattice
layers.
The energy difference between the PL peaks of the

selective excitation and the band-to-band excitation also
decreased as the GaN cap layer thickness increased.
Figure 3(b) shows the PL linewidth under the selective
excitation of the InGaN well layers as a function of the
GaN cap layer thickness. The PL linewidths were estimated
to be 173, 151, and 131 meV for samples A, B, and C,
respectively. That is, the PL linewidth decreased with
increasing GaN cap layer thickness, indicating a decrease
in the transition energy fluctuation. Thus, the interfacial
fluctuation between the well and barrier layers was expected
to decrease as the GaN cap layer thickness increased.
3.2. Excitation power–density dependence
Figure 4 shows the excitation power–density dependence of
the PL spectra of sample B taken under (a) selective
excitation and (b) band-to-band excitation for excitation
power densities of about (i) 0.5, (ii) 1.0, (iii) 5.0, (iv) 10,
(v) 50, and (vi) 100 kW cm−2. The PL spectra were normal-
ized to the peak intensity of each spectrum. At an excitation
power density of 0.5 kW cm−2, the PL peak energy of the
selective excitation and the band-to-band excitation were
estimated to be 2.375 and 2.401 eV, respectively, and the
energy separation of the PL peak energies was estimated to
be about 26 meV. The PL spectra under the selective and
band-to-band excitations shifted toward the higher-energy
side with increasing excitation power density. At an

excitation power density of 100 kW cm−2, the PL peak
energies of the selective excitation and the band-to-band
excitation were about 2.460 and 2.615 eV, respectively, and
the energy separation was estimated to be about 155 meV.
Thus, the PL blue shift of the band-to-band excitation was
greater than that of the selective excitation.
Figure 5(a) shows the excitation power–density depen-

dence of the PL peak energy under selective excitation. The
PL peak energy decreased as the GaN cap layer thickness
increased over the whole excitation power density range. The
PL peak energy was almost constant up to 100–101 kW cm−2,
and then increased with increasing excitation power density
for all samples. The blue shift of the PL peak energy was
mainly attributed to the gradual screening of the internal
electric fields with increasing photoexcited carrier density.
The blue shift may also reflect the state-filling effects. The
excitation power densities where the slope of PL peak energy
with respect to the excitation power density changed from 0
to positive were estimated to be 1.3, 3.2, and 5.2 kW cm−2

for samples A, B, and C, respectively, and thus increased
with increasing GaN cap layer thickness. The slope of PL
peak energy with respect to the excitation power density
increased as the GaN cap layer thickness increased, also
suggesting an increase in the strength of the internal electric
field in the well layers.
Figures 5(b)–5(d) show the PL peak energies of the

selective and band-to-band excitations as a function of
excitation power density for samples A, B, and C. At higher
excitation power densities, the PL peak of the band-to-band
excitation (open squares) was higher than that of the selective
excitation (closed circles) for all samples. For samples B and
C, the PL peak energy of the band-to-band excitation almost
agreed with that of the selective excitation at lower excitation(a) (b)

Fig. 4. (Color online) Excitation power–density dependence of photo-
luminescence spectra under (a) the selective excitation of InGaN well layers
and (b) the band-to-band excitation of GaN barrier layers. The excitation
power densities are (i) 0.5, (ii) 1.0, (iii) 5.0, (iv) 10, (v) 50, and (vi)
100 kW cm−2.

(a)

(c) (d)

(b)

Fig. 5. (Color online) (a) Excitation power–density dependence of the
photoluminescence peak energy taken under the selective excitation of
InGaN well layers. Comparison of the excitation power–density dependence
of photoluminescence peak energy under excitation wavelengths of 386
(closed circles) and 340 nm (open squares) for samples (b) A, (c) B, and (d)
C.
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power densities. Furthermore, the slopes of the PL peak
energy with respect to the excitation power density almost
agreed with those for the selective excitation and the band-to-
band excitation for all samples. These observations indicated
that the difference in the PL peak energy between the
selective excitation and the band-to-band excitation reflected
the difference in the photoexcited carrier density in the well
layers. Thus, these observations also indicated that the
photoexcited carrier density under the band-to-band excita-
tion decreased as the GaN cap layer thickness increased.
3.3. Internal quantum efficiency
The internal quantum efficiency (IQE) was evaluated based
on the temperature and excitation power density-dependent
PL measurements to discuss the effects of the GaN cap layer
thickness on luminescence efficiency. To estimate the IQE,
the PL efficiency was assumed to be the integrated PL
intensity divided by the excitation power density, and was
normalized to its maximum value at 10 K. We evaluated the
IQE as the normalized PL efficiency.12,15) Because the
photoexcited carrier density under the band-to-band excita-
tion of the GaN barrier layers depended on the GaN cap layer
thickness, we evaluated the IQE under the selective excitation
of InGaN well layers. The inset in Fig. 6 shows the excitation
power–density dependence of IQE at 10, 60, 120, 180, 240,
and 295 K for sample A under selective excitation. The IQE
increased, and then decreased with increasing excitation
power density, even at 10 K. This dependence of IQE was
also observed in samples B and C. The increase in the IQE at
the lower excitation power densities can be explained by the
filling of nonradiative recombination centers.12,13) Thus, the
efficiency curve at 10 K indicated that the nonradiative
recombination centers were active even at 10 K under the

lower photoexcited carrier density. However, there was no
significant change between the efficiency curves at 10 and
60 K under lower excitation power densities. This indicated
that the thermal activation of the nonradiative recombination
center below 60 K was minor, suggesting that the effects of
nonradiative recombination centers were insignificant.
Therefore, the assumption that the maximum IQE at 10 K
was almost 100% was appropriate in this case.
The decrease in the IQE at higher excitation power

densities is known as the “efficiency droop phenomenon.”
Some possible origins for efficiency droop have been
reported, such as Auger recombination of carriers,16–19)

saturation of localized centers and consequent transfer into
nonradiative recombination centers,20–24) and carrier loss via
indirect absorption.25) Although it is difficult to clarify the
origin of the decrease in IQE from our observations alone, the
efficiency curves for the three samples were similar at higher
excitation power densities. This suggested that changes in the
GaN cap layer thickness and the associated changes in the
quality of the GaN barrier layer did not affect the efficiency
droop substantially.
Figure 6 shows the maximum IQE at 295 K under selective

excitation as a function of GaN cap layer thickness. The
maximum IQE was estimated to be 49% for sample A, 38%
for sample B, and 24% for sample C, and decreased as the
GaN cap layer thickness increased. This indicated that the
changes in GaN cap layer thickness affected the IQE even
under the selective excitation of InGaN well layers. The
decrease in the IQE reflected the decrease in the radiative
recombination rate of photoexcited carriers in the well layers
and the increase in the nonradiative recombination rate of the
photoexcited carriers. The decrease in the radiative recombi-
nation rate is expected to be caused by an increase in the
strength of internal electric fields. The increase in nonradia-
tive recombination may be due to the degradation of the GaN
barrier layer as the GaN cap layer thickness increased.

4. Discussion

We focus first on the dependence of the PL peak energy of
InGaN-based MQWs on the GaN cap layer thickness. The PL
peak energy decreased with increasing the GaN cap layer
thickness for both the selective excitation and the band-to-
band excitation conditions (Fig. 3). The decrease in the PL
peak energy can be explained by the decrease in the transition
energy due to the decrease in the bandgap energy of the well
layers and the increase in the strength of internal electric
fields in the well layers.26–28) The slope of PL peak energy
with respect to the excitation power density increased with
the GaN cap layer thickness [Figs. 5(b)–5(d)]. The increase in
the slope of PL peak energy indicated an increase in the
strength of the internal electric fields. Thus, the strength of
the internal electric fields in the well layer increased with the
GaN cap layer thickness. Although the strength of the
internal electric fields depends on the thickness of the well
and barrier layers,29) the thickness of the well layers and the
total thickness of the barrier layers, which was the sum of the
thicknesses of the GaN underlayer, high-temperature-GaN
layer, and GaN cap layer, were the same for all samples.
Hence, the increase in the strength of internal electric fields
was attributed to the increase in the In composition of the

Fig. 6. (Color online) Maximum internal quantum efficiency at 295 K under
the selective excitation of InGaN well layers as a function of GaN cap layer
thickness. The inset shows the excitation power–density dependence of internal
quantum efficiency at 10, 60, 120, 180, 240, and 295 K for sample A.
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well layers, which also decreased the bandgap energy of the
well layers.
We now discuss the difference in the photoexcited carrier

density in the well layers between the selective and the band-
to-band excitation conditions. The difference in the PL peak
energy between the selective excitation and the band-to-band
excitation conditions was attributed to the difference in the
photoexcited carrier density in the well layers [Figs. 5(b)–
5(d)]. Hence, the difference in the excitation power density at
the same PL peak energy between the two excitation
conditions corresponded to the difference in the photoexcited
carrier density in the well layers. The photoexcited carrier
densities of samples A, B, and C for the band-to-band
excitation were estimated to be about 200, 30, and 5 times
larger than those for the selective excitation, respectively.
Assuming that the excitation volume in the MQW region is
cylindrical, the excitation volume of the band-to-band
excitation was 4.3 times larger than that of the selective
excitation for the entire MQW region and 7.6 times larger
than that of the selective excitation for the topmost well layer.
Thus, the large difference in the photogenerated carrier
density of sample A could not be explained by the difference
in the excitation volume and reflected mainly the difference
in the absorption coefficients between the excitation wave-
lengths of 340 and 386 nm. That is, the absorption coeffi-
cients of the InGaN well and GaN barrier layers for the
excitation wavelength of 340 nm were much larger than that
of InGaN well layers for the excitation wavelength of
386 nm.
The difference in the photoexcited carrier density between

the two excitation wavelengths decreased as the GaN cap
layer thickness increased. Although the change in the
absorption coefficient of the well layers reflecting the change
in the In composition is expected, we consider that the
change in the absorption coefficient is not enough to lead to
the estimated decrease in the difference. Thus, the decrease in
the difference meant that the carrier inflow from the barrier
layer into the well layer decreased as the GaN cap layer
thickness increased, and the annihilation of photoexcited
carriers in the barrier layers was greater in samples with
thicker GaN cap layers. Moreover, the ratio of PL intensities
from the well layers and the barrier layers in the PL spectra
under the band-to-band excitation decreased with increasing
GaN cap layer thickness. This indicates that the nonradiative
recombination processes in the barrier layers increased with
increasing GaN cap layer thickness. Hence, the increase in
carrier annihilation in the barrier layers reflected the degrada-
tion of the optical quality of the barrier layers with increasing
GaN cap layer thickness, and that there were many non-
radiative recombination centers in the GaN cap layers,30,31)

which may be due to the low growth temperature. Therefore,
our observations suggest that the photoexcited carrier density
in the InGaN well layers under band-to-band excitation was
strongly affected by the quality of GaN barrier layers and
varied by more than two orders of magnitude, even for the
same structure.
Finally, we discuss the effects of the GaN cap layer

thickness on the IQE of InGaN MQWs. The maximum
IQE decreased with increasing GaN cap layer thickness
(Fig. 6). This implies a decrease in the radiative recombina-
tion rate and an increase in the nonradiative recombination

rate with increasing GaN cap layer thickness. Because the
strength of the internal electric fields in the well layers
increased with the GaN cap layer thickness, the radiative
recombination rate should decrease. In addition, the optical
quality of GaN barrier layers is expected to degrade with
increasing GaN cap layer thickness. The optical quality
degradation of the GaN barrier layers may increase the
nonradiative recombination rate even under the selective
excitation of the InGaN well layers because the penetration
of electron and hole wavefunctions into the GaN barrier
layers could not be neglected. Therefore, when using a GaN
cap layer in InGaN MQWs, it is necessary to design a
quantum well structure that takes into account the negative
effect of the GaN cap layer.

5. Conclusions

We studied the effects of GaN cap layers on the PL properties
of green luminescent InGaN/GaN MQWs. The PL peak
energy under the selective excitation of InGaN well layers
was lower than that under the band-to-band excitation of
GaN barrier layers, reflecting the difference in the photo-
excited carrier density in the well layers. The difference in the
PL peak energies between the selective and band-to-band
excitations decreased with increasing GaN cap layer thick-
ness, indicating the increase in the nonradiative recombina-
tion of photogenerated carriers in GaN barrier layers,
reflecting the optical quality degradation of the GaN barrier
layers. Moreover, the IQE under the selective excitation
decreased with increasing GaN cap layer thickness, which
also showed the degradation of the GaN barrier layers and the
decrease in the radiative recombination rate due to the
increase in the internal electric field strength.
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