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Phase separations in graded-indium content InGaN/GaN multiple quantum wells
and its function to high quantum efficiency*
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Abstract: Phase separations have been studied for graded-indium content In,Ga;_,N/GaN multiple quantum
wells (MQWs) with different indium contents by means of photoluminescence (PL), cathodeluminescence (CL)
and time-resolved PL (TRPL) techniques. Besides the main emission peaks, all samples show another 2 peaks at
the high and low energy parts of the main peaks in PL when excited at 10 K. CL images show a clear contrast for 3
samples, which indicates an increasing phase separation with increasing indium content. TRPL spectra at 15 K of
the main emissions show an increasing delay of rising time with indium content, which means a carrier transferring

from low indium content structures to high indium content structures.
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1. Introduction

Research interest in GaN-based materials has been driven
by the significant technological importance of these materi-
als. Indeed, InGaN materials are commonly used in the fab-
rication of a range of electronic and photonic devices[!l. The
bandgap of In,Ga;_,N can be varied over nearly the whole
spectral range from the ultraviolet (3.47 eV for GaNI?) to red
emission (1.97 eV for InNPI, recently infrared emission at 0.76
eVI4 has been reported). Due to such technical importance, a
great deal of effort has been afforded to this promising ma-
terial. To achieve long-wavelength LEDs by adopting InGaN
as well layers, higher indium composition In,Ga;_xN/GaN
multiple quantum well (MQW) structures must be used as ac-
tive layers. However, phase separation or composition fluc-
tuation is always observed in an InGaN alloy because of the
large atomic discrepancy between indium and gallium, and the
large lattice mismatch between InN and GaN, which lead to the
low efficiency of long-wavelength emitting InGaN structures
(with more indium content) as compared to blue ones. It also
has been reported that indium content, strain, quantum well
(QW) structure, and composition fluctuation influence the op-
tical and electrical properties greatly, and that strong carrier lo-
calization enhances the luminescence efficiency of blue/violet-
light-emitting InGaN-based light emitting devices by hinder-
ing the movement of carriers to nonradiative recombination
centers®], An effective formation of the quantum dot (QD)-like
structure was observed by adjusting the profile of the nominal
indium content profile during the low-indium-content InGaN
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well growth procedurel®l, resulting in an improved character-
istics of the blue-light-emitting InGaN QW LED structures. In
this paper, we report the phase separation and its function to
high quantum efficiency in InGaN/GaN multiple quantum well
(MQW) LED structures. A clear phase separation was found
and its effects on the optical properties were studied, in which
the sample with more phase separation shows high quantum
efficiency. The effective carrier transfer between delocalized
and localized states caused by strong phase separation plays an
important role in the high efficiency and brightness of InGaN
MQWs.

2. Experiment

The graded-indium-content InGaN/GaN MQW samples
were grown on c-plane sapphire substrates by horizontal
MOCVD with trimethylgallium (TMGa), trimethylindium
(TMIn), ammonia, and silane as the precursors of Ga, In, N,
and Si, respectively. Nitrogen was used as a carrier gas for
the sources. After thermal cleaning of the substrate in hydro-
gen ambient for 10 min at 1100 °C, a 25-nm-thick GaN nucle-
ation layer was grown on c-plane sapphire substrates at 560
°C and followed by a 1-um Si-doped GaN layer at 1130 °C.
Five periods of InGaN/GaN QWs were grown at 795 °C and
then a 100-nm-thick GaN capping layer was grown at 1050 °C.
The thickness of the barrier and well layers was about 8 and 3
nm, respectively. The graded-indium-content of InGaN MQW
structures were formed by controlling the indium composition
with time during the well growth. The average indium content
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Fig. 1. Normalized PL spectra of the samples A, B, and C at 10 K
excited by a 325 nm He—Cd laser.

in the well layers estimated from the flux of TMIn are xj, < 0.2,
0.2 < xpp < 0.3, and x1, > 0.3 for the samples A, B and C, re-
spectively. Temperature-dependent photoluminescence (T-PL)
measurements were performed by using a He—Cd laser at the
excitation wavelength of 325 nm and a He-cooling stage op-
erating from 10 to 300 K. Cathodoluminescence (CL) images
were acquired by using a commercial MonoCL2™ system on a
high-resolution scanning electron microscope at room temper-
ature (RT). Time-resolved PL (TRPL) measurement was car-
ried out using a second harmonic pulsed Ti:sapphire laser at
the wavelength of 390 nm and a time-correlated single photon
counting detection system with a pulse width of approximate
100 ps.

3. Results and discussion

To study the optical properties of the graded-In-content
InGaN/GaN samples, T-PL experiments were conducted with
temperature varying from 10 to 300 K. The normalized PL
spectra (to its main emission peak) at 10 K are shown in Fig. 1.
Three peaks can be clearly distinguished for all samples with a
main emission peak in the center and two other weaker shoul-
ders located at the higher and lower energy part of the main
peaks. The main peaks at 10 K are at 430, 463 and 505 nm for
samples A, B, and C, respectively. The other two peaks are not
the results of light interference and are attributed to structures
with different indium content as a result of phase separation’].

The temperature-dependent peak-shift of main emission
for 3 samples is shown in Fig. 2 by comparing with the peak
energy at 10 K for each sample. All the emission energy of the
main peak shows a fluctuated temperature-dependent charac-
teristic as the temperature increases from 10 to 300 K, which
is attributed to the potential inhomogeneity and localized char-
acteristic of the radiative electron—hole recombination®]. The
total red-shift with temperature from 10 to 300 K is 10.7, 15.5
and 27.8 meV for samples A, B, and C, respectively, which
increase with indium content and indicate the high content of
phase separation in sample with high indium content. In addi-
tion, the energy difference between the main and higher (lower)
energy peaks is 139 (93), 208 (103) and 245 (116) meV for
samples A, B, and C, respectively, which also increases with

Fig. 2. Peak-shift of main emission peaks as a function of temperature
for the samples A, B and C.

increasing indium content and indicates a high content of in-
dium aggregation clusters with high indium content.

The main InGaN-related peaks show a very bright light
emission even at 300 K, and the integrated intensity of the main
emission is reduced by only a factor of about 13.2, 12.8 and
6.8 for samples A, B and C, respectively, around one order of
magnitude, with increasing temperature from 10 to 300 K, indi-
cating high quantum efficiency and good device performance
of graded-In-content InGaN MQWs. Sample C in particular,
which has a high indium content (x > 0.3) and shows severe
phase separation, has its integrated PL intensity of the main
peak decreased by only 6.8 times when the temperature in-
creased from 10 to 300 K, less than 1 order, showing very ex-
cellent quantum efficiency with higher indium content. So the
phase separation in trapezoidal InGaN samples seems to enable
high quantum efficiency.

To investigate the luminescence quenching behavior of
photon-emission from InGaN MQW structures, an Arrhenius
plot is generally used to analyze the integrated intensity of
emissions. The general luminescence quenching of an ideal
quantum well is caused by the thermal escape of carriers from
the well to the barrier, which the activation energy equals to
the total QW binding energy of the electrons and holes!®). In
fact, there are always some non-radiative recombination cen-
ters in QWs with the active energy smaller than the total QW
binding energy of electrons and holes['%l. If there are several
kinds of non-radiative channels in the materials, the integrated
PL intensity can be fitted by fitted the following multi-channel
Arrhenius plot formula:

I = 10/ [1 +YG exp(—EAi/kBT)] , 1)
i=1

where E,; are the activation energy of the corresponding non-

radiative recombination center and C; are the constants related

to the density of these centers.

Figure 3 shows the two channel (i.e., i = 2) Arrhenius plot
of the integrated main PL emission from the InGaN structures
of the samples A, B, and C, which gives the best fitting of the
data. Together we show the fitted activation energies of each
sample. The curves have been shifted vertically for more clar-
ity. The solid lines are the least square fit of data with the above
equation. The activation energies extracted for each sample
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Fig. 3. Two-channel Arrhenius plots of the integrated main PL emis-
sions and the best fitting of experimental data. The curves have been
shifted vertically for clarity.

from the Arrhenius plot can be divided into 2 groups: one is
larger, 172, 144, and 55 meV for the samples A, B and C re-
spectively; and the other is relatively smaller, about 19, 12, and
9 meV for the samples A, B, and C respectively, as shown in
Fig. 3. The larger activation energies (for the samples A and B)
may be related to the dislocations or other nonradiative centers
in the samplel'!], which will decrease the radiative recombina-
tion; the smaller ones correspond to the energy of the carriers
needed to escape from shallow localized state to deeper one,
which will help the radiative recombination and enhance the
radiative recombination. However, this effect will also increase
the temperature-dependent red-shift of the main emissions, as
indicated in Fig. 2.

CL is also a powerful method to investigate the sample
inhomogeneity of IlI-nitride structures, which can provide a
direct information at the sub-micron scalel'?). CL measure-
ments have also been conducted on all samples at main emis-
sion peaks at room temperature and the data is shown in Fig. 4.
As indicated from the contrast comparisons, the phase separa-
tions are more severe for samples with a high indium content,
which means a universal potential fluctuation throughout the
high indium content samples. This means that the carriers can
move easily from normal QWs (with low indium content) to
high indium content part because of the small energy differ-
ence among different indium content parts, which will decrease
the probability of the dislocation traps on carriers (reduce the
nonradiative recombination) and increase quantum efficiency.

Temperature-dependent TRPL have also been conducted
and the decay curve at 15 K for main emission peak of three
samples investigated. As we have shown beforel”), the decay
behavior of the main emission peak is slower than the side peak
and the rising time of the main peak is also longer than side
peaks, which can be interpreted as that the carriers generated in
an indium-poor region will transfer to an indium-rich part and
prolong the rise and decay time of the main emission peaks. In
Fig. 5, we show the decay curves of the main emission peaks
for 3 samples. The rising and decay times increase with in-
dium content, which means a long lifetime of carriers in the
high indium content sample. Once the carriers are excited by
a pulse to a relatively low localization state (with low indium
content), they will be transferred to another high localization
state and prolong the rising time in curves. In addition, deep

Fig. 4. CL images for the main emission peak at room temperature.
(a) Sample A. (b) Sample B. (c) Sample C.

localization will make the carriers relatively difficult to recom-
bine and delay the decay time. If we combine this phenomenon
with phase separation, another explanation is possible: photon-
induced carriers will be transferred to another deeper localized
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Fig. 5. TRPL decay curves measured at the main emission peaks of
samples A, B and C at 10 K.

Fig. 6. Decay time 719 as a function of temperature for the main peaks
of the samples A, B and C.

state and delay the decay.

Figure 6 shows the decay time of main peaks with tem-
perature. Due to the non-exponential decay behaviors of time
evolution curves, the time when intensity decreases from the
maximum to its 1/10, 71, is used to characterize the lumines-
cence decay!'?l. As we can see in Fig. 6 that the carrier decay
time increases with increasing temperature up to a certain tem-
perature, T, (30 K for sample A, 90 K for sample B and 50 K
for sample C), and then decreases as temperature increases fur-
ther. This fact indicates that the radiative recombination pro-
cess is more dominant in the temperature range below about
T., and then the nonradiative recombination became dominant.
However, it should be noted that the decay time of sample A
does not change much as the temperature varies and it keeps
almost constant for all the temperature range we examined,
which means a small localization effect in the low-indium con-
tent samples. The decay time at 15 K is about 4, 12, and 35 ns
for samples A, B, and C, respectively, which increase with in-
dium content in the well layers. This agrees well with our ex-
planations for the decay delay by carrier transfer, which will
enhance the radiative recombination and increase the quantum
efficiency.

4. Conclusion

Phase separation and its function in radiative recombina-
tion and high quantum efficiency have been systematically
studied on graded-indium content In,Ga;_xN/GaN MQWs
with different indium content. The main emission peak to-
gether with two other peaks at the higher and lower energy
parts in PL shows a clear phase separation phenomenon and is
verified by CL images with a clear contrast. The activation en-
ergy decreases with increasing indium content to make it easier
for carriers to transfer between different localized states, which
increase the quantum efficiency. TRPL measurement also in-
dicates carrier transfer from low indium content structures to
high indium content structures, and leads to the high quantum
efficiency.

References

[1] Pearton S J, Zolper J C, Shul R J, et al. GaN: Processing, defects,
and devices. J Appl Phys, 1999, 86: 1
[2] Bougrov V, Levinshtein M E, Rumyantsev S L, et al. Properties
of advanced semiconductor materials GaN, AIN, InN, BN, SiC,
SiGe. New York: John Wiley & Sons Inc, 2001
[3] Guo Q, Yoshida A. Temperature dependence of band gap change
in InN and AIN. Jpn J Appl Phys, 1994, 33: 2453
[4] Matsuoka T, Okamoto H, Nakao M, et al. Optical bandgap energy
of wurtzite InN. Appl Phys Lett, 2002, 81: 1246
[5] Chen P, Chua S J, Miao Z L. Photoluminescence of InGaN/GaN
multiple quantum wells originating from complete phase separa-
tion. J Appl Phys, 2003, 93: 2507
[6] Shim H W, Choi R J, Jeong S M, et al. Influence of the quantum-
well shape on the light emission characteristics of InGaN/GaN
quantum-well structures and light-emitting diodes. Appl Phys
Lett, 2002, 81: 3552
[7] Sun Y P, Cho Y H, Suh E K, et al. Carrier dynamics of high-
efficiency green light emission in graded-indium-content In-
GaN/GaN quantum wells: an important role of effective carrier
transfer. Appl Phys Lett, 2004, 84: 49
[8] ChoY H, Gainer G H, Fischer A J, et al. “S-shaped” temperature-
dependent emission shift and carrier dynamics in InGaN/GaN
multiple quantum wells. Appl Phys Lett, 1998, 73: 1370
[9] Weber S, Limmer W, Thonke K, et al. Thermal carrier emis-
sion from a semiconductor quantum well. Phys Rev B, 1995, 52:
14739
[10] Narukawa Y, Kawakami Y, Fujita S, et al. Dimensionality of ex-
citons in laser-diode structures composed of InyGaj—, N multi-
ple quantum wells. Phys Rev B, 1999, 59: 10283
[11] Hao M, Zhang J, Zhang X H, et al. Photoluminescence studies
on InGaN/GaN multiple quantum wells with different degree of
localization. Appl Phys Lett, 2002, 81: 5129
[12] Lockrey M N and Phillips M R. Characterisation of the opti-
cal properties of InGaN MQW structures using a com combined
SEM and CL spectral mapping system. Journal of Semiconduc-
tors, 2011, 32: 012001
[13] Lefebvre P, Morel A, Gallart M, et al. High internal electric field
in a graded-width InGaN/GaN quantum well: Accurate determi-
nation by time-resolved photoluminescence spectroscopy. Appl
Phys Lett, 2001, 78: 1252

053001-4



