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Abstract: The optical properties of InGaN/GaN violet light-emitting multiple quantum wells with
different thicknesses of GaN quantum barriers are investigated experimentally. When the barrier
thickness decreases from 20 to 10 nm, the photoluminescence intensity at room temperature increases,
which can be attributed to the reduced polarization field in the thin-barrier sample. However, with a
further reduction in the thickness to 5 nm, the sample’s luminescence intensity decreases significantly.
It is found that the strong nonradiative loss process induced by the deteriorated crystal quality and the
quantum-tunneling-assisted leakage of carriers may jointly contribute to the enhanced nonradiative
loss of photogenerated electrons and holes, leading to a significant reduction in photoluminescence
intensity of the sample with nanoscale ultrathin GaN quantum barriers.

Keywords: InGaN/GaN multiple quantum wells; photoluminescence; barrier thickness; carrier
recombination; semiconductor crystal quality

1. Introduction

Group Ill-nitride materials have garnered significant attention in the research field of
compound-semiconductor electronics and optoelectronics due to their large direct bandgap
and other excellent physical properties [1-8]. In particular, the photoelectric characteristics
of InGaN/GaN multiple quantum wells (MQWs) have been investigated intensively, as
they are widely used as the active materials of light-emitting devices for the applications
of white-light illumination and color display [9-13]. In general, the InGaN well layers are
considered the pivotal factor in determining the luminescence properties of InGaN/GaN
MQWs, since the nonequilibrium electrons and holes mainly recombine radiatively and
emit photons in InGaN QWs. Due to the growth of InGaN/GaN MQWs along the polar
GaNN [0001] direction, in InGaN QWs the polarization-induced quantum-confined Stark
effect (QCSE), reducing the luminescence efficiency of InGaN QWs as well as the energy of
emitted photons, plays a crucial role in the luminescence characteristics of light-emitting
devices, which has attracted high research interest [14-16]. Nevertheless, the GaN quantum
barriers also affect the QCSE in InGaN QWs as well as the transport of carriers in the whole
MQW active region, which may strongly influence the performance of the optoelectronic
devices based on the InGaN/GaN MQWs [17,18]. Compared with blue and green light-
emitting InGaN/GaN MQWs, in the violet ones the In composition in InGaN well layers is
smaller; accordingly, the effective potential height of the GaN barriers is reduced, resulting
in a more significant influence of GaN barriers on the characteristics of violet MQW-based
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devices [19,20]. Therefore, the structural parameters of GaN barrier layers should be
investigated carefully for the violet light-emitting InGaN/GaN MQWs.

In this paper, we focus on the effects of the GaN barrier thickness on the luminescence
properties of violet InNGaN/GaN MQWs. Since the influence of different barrier thicknesses
on the MQW optical properties is significantly different, the MQW samples with 20-nm
ultrathick and 5-nm ultrathin barriers are studied together here in order to reveal the
barrier thickness-related physical mechanisms in the violet InGaN/GaN MQWs deeply
and comprehensively. It is demonstrated that the light-emission efficiency of MQWSs with
ultrathin GaN barriers can be reduced seriously due to the enhanced nonradiative recombi-
nation process. The material quality, epitaxial growth process, and related luminescence
mechanisms are discussed in detail later.

2. Materials and Methods

InGaN/GaN MQW samples S1, 52, and S3 were grown on c-plane sapphire substrates
by the AIXTRON close-coupled showerhead 3 x 2 in. vertical reactor metal-organic
chemical vapor deposition (MOCVD) system. For each sample, there were three pairs
of InGaN wells and GaNN barriers, which were sandwiched between a 2 um-thick GalN
template layer and a 150 nm-thick GaN cap layer, i.e., there are a total of 3 MQW samples,
and each of them has 3 InGaN QWs in our experiment. During the epitaxial growth of the
MQW layers, the growth temperature of the InGaN well layers was 690 °C; then, it was
ramped up to 860 °C for the successive growth of the GaN barrier layers. The higher growth
temperature of the GaN layers was used to improve the crystal quality of GaN materials.
The epitaxial structures of all samples were exactly the same, except for the thickness of the
GaN barriers in the MQW layers, which was intentionally adjusted by changing the growth
time of the GaN layers. The growth conditions and structural parameters were calibrated
by transmission electron microscope and X-ray diffraction measurement, previously [21].
Therefore, based on the calibration data, in the InGaN QW layers the nominal In content
was set to be 8%, and the layer thickness was 2.5 nm for all samples. The thicknesses of the
GaN barrier layers of samples S1, S2, and S3 were about 20, 10 and 5 nm, respectively.

The luminescence properties of all samples were investigated by temperature-dependent
photoluminescence (TDPL) measurements, where the 1K3301R-G 325-nm continuous wave
He—Cd laser, manufactured by Kimmon Koha Co., Ltd. in Tokyo, Japan, was used as a
constant excitation source, and the temperatures were controlled from 30 to 300 K by the
MODEL 22 closed-cycle helium refrigerator of CTI Cryogenics. The accurate peak energy
and integrated PL intensity of the detected spectra of all samples were fitted by a Gaussian
function to eliminate the influence induced by the Fabry-Perot interference fringes [22]. The
high-resolution X-ray diffraction (HRXRD) w/26 scan and reciprocal space mapping (RSM)
were performed to determine the MQW structural parameters and material quality by using
Rigaku Ultima IV X-ray diffractometer with Cu-Ka1 radiation (A = 1.54 A) manufactured
by Rigaku Corporation in Tokyo, Japan.

3. Results and Discussion

The HRXRD (0002) w/26 scan curves of three samples are depicted in Figure 1, where
the scan curves of samples S1 and S2 are vertically shifted for clarity. The strong main peaks
and several weak satellite peaks can be seen for all samples, which originate mainly from
the underlying c-plan GaN layers and the InGaN/GaN MQW layers, respectively. The
presence of satellite peaks clearly indicates that a well-defined MQW periodic structure was
formed. The MQW structural parameters were obtained via fitting the measured HRXRD
w/26 curves using the GlobalFit simulation program embedded in the operation software
package of the Rigaku X-ray diffractometer, where the Vickers’s method was adopted [23].
The fitted w/26 curves of all samples were directly superimposed on their measured ones.
It is clear that all samples’ measured results can be well fitted by the simulated curves,
meaning that the simulated structural parameters of the InGaN/GaN MQWs are consistent
with the actual ones. According to the fitted results, the GaN barrier thickness, the InGaN
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well thickness, and the average In content in sample S1 were 20.8 nm, 2.5 nm, and 7.5%,
respectively. They were 11.5 nm, 2.5 nm, and 8.2% for sample S2, and 5.4 nm, 2.4 nm,
and 8.3% for S3, respectively. There was an approximately 10% difference between the
designed and measured structural parameters, which is a typical magnitude of variation
in determining the structural parameters of InGaN/GaN MQWs by X-ray diffraction [24].
Thus, it was confirmed that the grown MQW samples were basically consistent with our
designed structural parameters.

Intensity (a.u.)

REE 34 35 36
20 (°)

Figure 1. GaN (0002) w/26 HRXRD scan curves of the three samples. The black, red, and blue thick
lines represent the measured w/20 curves of samples S1, S2, and S3, respectively. The fitted curves,

all indicated by the thin green lines, are directly superimposed on their measured ones, respectively.

Figure 2 shows the PL spectra of all MQW samples at room temperature. Although
the structural parameters of the InGaN QWs were identical for all three samples, the peak
wavelengths of S1, 52, and S3 were 419, 414, and 410 nm, respectively. The reduction
in peak wavelength with decreasing barrier thickness indicates that the QCSE induced
by the polarization field in QWs was weakened for the thin-barrier sample. In fact, it is
theoretically known that in the periodic InGaN/GaN MQW structure the polarization-
induced electric field in QWs is closely related to the structural parameters of both the
InGaN well and GaN barrier layers [25]. Similar to the effect of reducing the InGaN
QW thickness on the QCSE, when the thickness of the GaN barrier layer decreased, the
polarization-induced electric field in InGaN QWs was reduced, i.e., the QCSE was weaker
for the samples with thinner GaN barrier layers. Therefore, the PL spectra blue-shifted
monotonically with decreasing barrier thickness, as shown in Figure 2. On the other hand,
it is noted that the samples’ PL intensities increased first and then decreased, when the GaN
barrier thickness decreased from samples S1 to S3. The enhanced PL intensity of sample S2
can be ascribed to the weaker QCSE due to the reduced barrier thickness. However, it is
surprising that the PL intensity of sample S3 was much smaller than those of other two
samples, although the QCSE was the weakest in sample S3.

To explore the reason responsible for the significantly reduced PL intensity of sample
53, the dependence of the samples’ integrated PL intensities on the reciprocal temperatures
are plotted in Figure 3, where the thermal decay of PL intensity can be seen for all samples.
It is well known that the reduction in PL intensity with increasing temperature can be
attributed to the thermally activated nonradiative recombination process. It is seen in
Figure 3 that the thermal decay behaviors of samples S1 and S2 were similar to each other,
implying that the nonradiative recombination processes in these two samples were almost
the same. It should be noticed that at low temperatures the integrated PL intensity of
sample S1 was a little larger than that of sample S2, which was contrary to the comparison
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of their PL spectra at room temperature in Figure 2. In fact, the nonequilibrium electrons
and holes can also be generated in the GaN barrier layers, as the photon energy of the
excitation source of 325-nm laser used in our PL measurement was larger than the bandgap
of GaN materials. Thus, more carriers can be generated in the thicker GaN barriers and
then injected into the InGaN QWs. Therefore, compared with sample S2, the stronger
PL intensity of S1 at a low temperature may be ascribed to the increased photogenerated
carriers contributed by the thicker GaN barrier layers [26]. However, at room temperature,
the nonradiative recombination process dominated in InGaN QWs, and the nonradiative
loss of carriers was more serious for sample S1 than for S2 due to the enhanced QCSE by
the thicker barriers of sample S1. Thus, at room temperature the PL intensity of S1 was
smaller than that of S2, even though more carriers generated in thicker GaN barriers may
be injected into the InGaN QWs for sample S1.
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Figure 2. Room temperature PL spectra of all samples. The black, red, and blue dashed lines indicate
the peak positions of samples S1, S2, and S3, respectively. The inset shows the fitted PL curves of all
samples using the Gaussian function.
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Figure 3. Integrated PL intensity (log scale) as a function of the reciprocal temperature for all samples.
The symbols represent the experimental results, and the solid lines are the fitted curves by the Arrhe-
nius equations assuming one (for S1 and S2) or two (for S3) nonradiative recombination channels.

For sample S3, it is obvious that the PL intensities were much weaker in the entire
temperature range, and the thermal decay behavior of the integrated PL intensity differed
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from the other two samples, implying that the nonradiative recombination process in 53
may be different from the others. Generally, the thermal decay curves of integrated intensity
can be described by the Arrhenius relationship in Equation (1), following [27]:

_ Io
14+ Y Ciexp(—E;/kpT)
1

I(T) )

where Ij is the integrated PL intensity at low temperature. C; is related to the density
of nonradiative recombination centers, E; is the activation energy of the corresponding
nonradiative recombination process accounting for the thermal decay of PL intensity, and kg
is the Boltzmann’s constant. The subscript i indicates the number of nonradiative channels.
The value of i can be larger than 1, if there is more than one nonradiative recombination
channel. Among the fitted parameters, the activation energy E; is the key parameter at
which the corresponding nonradiative process can be thermally activated. Normally, E;
can be related to the thermal ionization energy of the nonradiative centers causing the
nonradiative recombination process. The smaller value of E; implies that the nonradiative
process can be activated at a lower thermal energy, i.e., a lower temperature. It was found
that the temperature-dependent behaviors of the integrated PL intensities of samples S1
and 52 could be fitted well by assuming one dominant nonradiative channel. However, the
experimental data of sample S3 could only be well described by the Arrhenius equation
with two nonradiative channels, as illustrated in Figure 3. This means that only one major
nonradiative recombination process predominated the loss of carriers in samples S1 and S2,
but there were two nonradiative channels responsible for the carrier loss in sample S3, as
the temperature increased. Table 1 shows the fitted values of the Arrhenius parameters for
all samples.

Table 1. The values of fitted Arrhenius parameters for samples S1, S2 (one channel), and sample S3
(two channels).

Parameters S1 S2 S3
Eq 111.5 meV 110.6 meV 70.6 meV
C 407.9 488.4 613.0
E, - - 16.0 meV
Cy - - 4.2

It is reasonable to assume that the first nonradiative channel could be ascribed to
the conventional thermal decay process induced by the thermally activated nonradiative
recombination centers, which often originate from the point or extended crystal defects
in InGaN alloys [28]. Generally, the thermal activation energy E; of the first nonradiative
channel is determined by the nonradiative capturing process of charge carriers, which is
closely related to the concentration, types, and characteristics of crystal defects [29]. Thus,
this indicates that there was no significant difference in the defects-related nonradiative
processes between samples S1 and S2, since the values of E; were almost the same for both
samples, as seen in Table 1. However, it is noted that the activation energy E; of sample S3
was only 70.6 meV, which was much smaller than those of other two samples. In general,
in the InGaN alloys with poor crystal quality, the value of E; can be reduced significantly
due to the increased concentration of, or even types of, defects. Therefore, after comparing
the thermal activation energies of all samples, this may indicate that the defect-related
nonradiative recombination process was more significant in sample S3 than in S1 and S2,
which may be attributed to the deteriorated crystal quality of sample S3.

Therefore, the material quality of the InGaN/GaN MQWs was then assessed by the
RSM around the (105) reflection for all samples, as depicted in Figure 4. For the XRD RSM
measurement of IlI-nitride, the (105) direction is frequently used to obtain the information
regarding the biaxial strain state as well as the material quality [30]. The numbers of
observed reflections corresponding to the MQW satellite peaks were 3, 2, and 1 for samples
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51, S2 and S3, respectively. This means that the separation distance between the adjacent
reflections was increased. It is known that for the RSM measurement the separation
distance between the adjacent satellite peaks increases with a decrease in the thickness of
one MQW period, i.e., the thickness of the well layer plus the barrier layer [30]. Therefore,
the reduced number of observed reflection peaks from samples S1 to S3 can be attributed to
the decreased MQW period due to the reduced GaN barrier thickness. For samples S1 and
52, the reflection peaks corresponding to the GaN layers and to the MQWSs were vertically
aligned (same in-plane wave vector Qy), meaning that the growth of the MQW layers was
fully strained on the GaN template layer. Thus, it is reasonable to consider that the crystal
quality of samples S1 and S2 was almost identical, and correspondingly, the defect-related
nonradiative recombination processes in both samples were similar, which is consistent
with the comparison of the fitted values of the thermal activation energy E; of samples S1
and S2 in Table 1.
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Figure 4. Reciprocal space maps of X-ray diffraction around the asymmetric (105) orientation for all
samples. Qy and Qz are the reciprocal space vectors in nm~ L. The dashed line indicates the vertical
position of the reflection of the GaN peak.

However, for sample S3, there was a small but detectable in-plane lateral shift of
the MQW satellite peaks with respect to the GaN template peak, indicating that a small
partial relaxation of the in-plane coherency strain occurred in the MQW layers. According
to the extent of the lateral shift of MQW peaks, the degree of strain relaxation of the
InGaN well layers in sample S3 can be calculated to be about 9.7% [31]. This implies
that more crystal defects, such as misfit dislocations, may appear at the interface of the
InGaN/GaN heterostructure, i.e., compared with other two samples, the quality of the
MQW materials was deteriorated for S3. This may be the reason why the fitted activation
energy Eq of sample S3 was much smaller than those of the other two samples in Table 1,
since the increased defects acting as nonradiative recombination centers can capture a larger
number of photogenerated carriers and enhance the nonradiative recombination process in
InGaN alloy with poor crystal quality [29]. As a result, a remarkable nonradiative loss of
nonequilibrium carriers occurred in the MQW active region, leading to a serious reduction
in PL intensity of sample 53, as shown in Figure 2.

As mentioned in the experimental section, the growth temperature of the GaN barrier
layers was higher than that of the InGaN well layers to enhance the crystal quality of GaN
materials. In fact, from another perspective, the process of the high-temperature growth of
the GaN barriers can be treated as an annealing process of the InGaN well materials [32]. It
is commonly known that the annealing process is widely utilized to improve the crystal
quality of semiconductor materials by eliminating the crystal defects. Therefore, the longer
growth time of the GaN barriers is equivalent to a longer annealing process of the InGaN
well layers, which may be beneficial to improving the crystal quality of InGaN materials,
e.g., for samples S1 and S2. On the contrary, for sample S3 with thin GaN barriers, the
annealing process for InGaN layers was short due to the reduced growth time of the GaN
barriers. As a consequence, the material quality of the InGaN active layers was deteriorated
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and more crystal defects may exist, leading to the enhanced nonradiative recombination
process and the reduction in PL intensity for the ultrathin-barrier sample S3.

In addition, it is noticed in Table 1 that there was an additional nonradiative recombi-
nation channel with a much smaller thermal activation energy E; of 15 meV for sample
53. According to the physical implication of thermal activation energy, the small activation
energy means that the nonradiative recombination process can be activated at a very low
temperature [33]. On the other hand, according to the basic theory of quantum mechanics,
for the quantum tunneling effect, it is well known that thinner quantum barriers provide
higher tunneling rates, i.e., the tunneling effect is enhanced in the InGaN/GaN MQW
sample with ultrathin GaN barriers [34,35].

Therefore, it is theoretically reasonable that the additional nonradiative channel may
originate from the quantum tunneling of carriers, which is less sensitive to the temperature
and may even occur at very low temperatures [36], since the thickness of the GaN barriers
of sample S3 was as thin as 5 nm. The enhanced tunneling effect may cause a significant
leakage of carriers outside from the InGaN QWs, leading to a nonradiative loss of carriers
with a much smaller thermal activation energy. Thus, with the combination of the enhanced
nonradiative recombination process induced by the deteriorated crystal quality and the
remarkable carrier leakage caused by the thin-barrier-induced quantum tunneling effect,
most of the nonequilibrium carriers in InGaN QWs were lost, leading to a significant
reduction in PL intensity for sample S3 with its ultrathin barrier.

Finally, one should keep in mind that a complete PL process should include the
thermionic emission and recapture of carriers in InGaN QWs, which are closely related to
the QW depth [37]. For the InGaN/GaN MQWs, not only the In content in InGaN alloy but
also the thickness of the InGaN well layer can impact the QW depth due to the polarization
effect. Taking sample S1 for example, according to the structural parameters obtained from
the HRXRD (0002) w/20 scan, the In content in sample S1 was a little smaller, making the
QW depth slightly reduced. However, since the measured thickness of the InGaN QW for
sample S1 was relatively large, the polarization effect may be promoted; accordingly, the
potential well became deeper. As a result, the reduced QW depth induced by a smaller In
content may be offset by the increased QW depth caused by the thicker well layer. In fact,
in our work, the difference of the potential well depths between different samples can be
neglected, as the structural parameters of the InGalN well layers were almost the same for
all samples. Therefore, to avoid complication, the discussion on the thermionic emission
and recapture of charge carriers was ignored in our manuscript.

4. Conclusions

In summary, the luminescence characteristics and material quality of three InGaN/GaN
MQW samples with different GaN barrier layer thicknesses were investigated by TDPL and
XRD measurements. It was found that the room-temperature PL intensity increased from
sample S1 to S2 and then decreased remarkably for sample S3. The improved light-emission
efficiency of S2 can be attributed to the weaker QCSE in the thinner-barrier MQWs, while
the significant decrease in PL intensity of sample S3 may be ascribed to the combined
effects of the enhanced nonradiative recombination process and the quantum tunneling
effect in the ultrathin-GaN-barrier sample.
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