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A new approach to fabricating high-quality AlInGaN film as a lattice-matched barrier layer in multiple quantum wells
(MQWs) is presented. The high-quality AlInGaN film is realized by growing the AlIGaN/InGaN short period superlattices
through metalorganic chemical vapor deposition, and then being used as a barrier in the MQWs. The crystalline quality
of the MQW:s with the lattice-matched AlInGaN barrier and that of the conventional InGaN/GaN MQWs are characterized
by x-ray diffraction and scanning electron microscopy. The photoluminescence (PL) properties of the InGaN/AlInGaN
MQWs are investigated by varying the excitation power density and temperature through comparing with those of the
InGaN/GaN MQWs. The integral PL intensity of InGaN/AlInGaN MQWs is over 3 times higher than that of InGaN/GaN
MQWs at room temperature under the highest excitation power. Temperature-dependent PL further demonstrates that the
internal quantum efficiency of InGaN/AlInGaN MQWs (76.1%) is much higher than that of InGaN/GaN MQWs (21%).
The improved luminescence performance of InGaN/AlInGaN MQWs can be attributed to the distinct reduction of the

barrier-well lattice mismatch and the strain-induced non-radiative recombination centers.
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1. Introduction

The Al In,Ga;_,_yN quaternary alloy system has at-
tracted intense attention because its band gap and lattice con-
stant is allowed to be independently adjusted by tuning Al or
In composition.!'#! Furthermore, owing to the higher ther-
mal stability, using AllnGaN as the protection layer is effec-
tive to suppress the generation of non-radiative recombination
centers in multiple quantum wells (MQWSs) caused by ther-
mal damage in the ramp-up process of metalorganic chemi-
cal vapor deposition (MOCVD).! Accordingly, AlInGaN is
an ideal material for minimizing mismatch-induced strain and
enhancing band offset in GaN-based heterostructure. [°!

At present, most researchers concentrate on the enhanced
luminescence efficiency for InGaN-based MQWs with differ-
ent polarization-matched barriers.!>7#! For group-III nitrides,
the built-in electrostatic fields related to the spontaneous and
piezoelectric polarizations affect strongly the optical proper-
ties of the MQWs.[31%1 For strain-free purposes, the use of a
lattice-matched AlInGaN barrier layer is proposed. Although
AlInGaN has many unique advantages, there are several epi-
taxial issues when it is prepared by the conventional prepara-
tion method: (i) rigorous growth condition (growth tempera-
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ture, growth rate, V/III flux ratio, etc.),“l'12J (ii) spatial com-
positional (or strain) fluctuation or disordering, and (iii) com-
positional pulling effect. For case (i), In atoms tend to form
clusters because the In atom size is much bigger than Ga and
Al atoms. Moreover, InN requires much lower growth tem-
perature than AIN.['3 Thus, it is difficult to realize the opti-
mal growth condition for incorporating In atoms into AlInGaN
homogeneously and avoiding the phenomena of phase separa-
tion. In addition, cases (ii) and (iii) become dominant with
increasing epilayer thickness, which will make the Al/In ra-
tio deviate from lattice match, thereby degrading crystal qual-
ity by introducing the hexagonal-opening (i.e., V-shaped) pits
onto the AllnGaN surface.!!*!3 All of these cases mentioned
above restrict the applications of AllInGaN material in such
MQWs optoelectronic devices as light-emitting diodes and
laser diodes.

In this paper, we present a new process for fabricating
high-quality AlInGaN by using the AlGaN/InGaN short pe-
riod superlattices. Then, InGaN MQWs are grown by us-
ing the lattice-matched AllnGaN as the barrier layers. The
PL spectra of InGaN/AlInGaN MQWs are investigated by
comparing with those of conventional InGaN/GaN strained
MQWs. The results show that the use a lattice-matched Alln-
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GaN superlattice barrier layer can effectively improve the lu-
minescence performances of InGaN/AlInGaN MQWs.

2. Experiments

The InGaN/AlInGaN MQWs (Sample A) were prepared
in a horizontal planetary MOCVD system. Trimethylgal-
lium (TMG), Triethylgallium (TEG), Trimethylindium (TMI),
Trimethylaluminum (TMA), and ammonia were used as
source materials. A 25-nm-thick GaN buffer layer was grown
on the c-plane of the sapphire substrate at 520 °C, then ramped
temperature up to 1020 °C to grow a 1.5-pm unintentionally
doped GaN layer. On the top of the GaN layer, a 100-nm-thick
Ing»Gag gN layer was deposited for relaxing the lattice con-
stant. Then about an 80-nm-thick AllnGaN layer was subse-
quently grown at a constant temperature of 830 °C, which con-
sists of a twenty-period AlGaN/InGaN superlattice in which
each component layer thickness is less than 2 nm. The con-
clusions proposed in our previous report have shown that the
growth temperature of 830 °C is optimal for fabricating the
AlInGaN."® The AlInGaN layer was designed to match with
InGaN well, and served as a growth template for growing the
MQWs next. The MQWs consist of three InGaN wells sur-
rounded by four lattice-matched AllnGaN barriers. The flow
rates of TEG, TMA, and TMI for AllnGaN superlattice bar-
riers were 70.8, 108, and 43.2 pumol/min, respectively. The
flow rates of TEG and TMI for the InGaN well were 70.8 and
79.4 umol/min, respectively. The structural schematic of Sam-
ple A is shown in Fig. 1. For reference, a conventional four-
pair InGaN/GaN MQWs (Sample B) was also grown under a
similar growth condition.

The crystal quality of the InGaN/AlInGaN MQWs is in-
vestigated by x-ray diffraction (XRD) and the surface mor-
phology is investigated by scanning electron microscopy
(SEM). The optical behaviors of the InGaN/AlInGaN MQWs
are investigated by excitation-dependent PL and temperature-
dependent PL.

AllInGaN (b

AllnGaN (b
MQWs

AllnGaN i bi

AlInGaN (b)

template InGaN

GaN

buffer
sapphire

Fig. 1. Schematic of the InGaN MQWs by using AlIGaN/InGaN super-
lattice barrier.

3. Results and discussion

Figure 2(a) shows XRD (0002) @-scans for Sample
A. Besides the diffraction peaks arising from GaN and In-
GaN layers, it is found that the zero-order peak of the Al-
GaN/InGaN superlattices overlaps with that of InGaN. This
observation indicates that the out-of-plane lattice constant ¢
of AlGaN/InGaN superlattice matches well with that of In-
GaN. For a simple biaxial strain in a hexagonal system, the
out-of-plane strain €, is related to the in-plane strain g by the

Poisson ratio v{!7]

c—co 2v [a—ay
£ = = — :£H7
co 1—v

where ¢ and a are the measured strained parameters, and cg
and ag are the relaxed parameters. Accordingly, free from
the effects of strain, a consistent one-to-one match exists be-
tween the out-of-plane lattice constant ¢ and in-plane lattice
constant a due to the definition of Poisson’s ratio v, i.e., both
AlGalnN and InGaN are from the same material group. In a
strain-free state, if the ¢ values reach an identical value, then
the a values also reach an identical value. Hence, only the
main peak of the MQW can be observed around 33.9 degree
without other MQW satellite peaks because of the same lat-
tice constants between the InGaN well and the AlGalnN bar-
rier. It is also noted that the superlattice satellite peaks can
be observed between the GaN and the InGaN peaks, which
indicates the smooth interface between the InGaN layer and
the AlGaN layer in the superlattice structure. As shown in
Fig. 2(b), in the case of a conventional InGaN/GaN MQW, the
¢ values for the well and the barrier are obviously different,
so the clearly resolved SL-n satellite peaks on each side of
the InGaN SLO peak can be observed. Meanwhile, the sec-
ondary peak between the equidistant satellite peaks can also
be observed because each layer in the conventional MQWs is
quite smooth. It is noted that AlIGaN and InGaN component
layers of the short period superlattices on the InGaN template
layer involve compressive and tensile strain, respectively, be-
cause each component layer is thinner than its critical layer
thickness, and thus the properly designed InGaN/AlGaN su-
perlattices can compensate for mismatch-induced strain and be
employed as the strain-compensated barrier layer for InGaN-
based MQWs.!'81°1 Each AlGaN or InGaN component layer
is occupied simultaneously by its upper and under layer, lead-
ing to the formation of good in-plane uniformity for AllnGaN
without spatial compositional (or strain) fluctuation. This is
why there are no other nitrides-related peaks in XRD pro-
files, such as In-rich clusters. Therefore, such AlIGaN/InGaN
short period superlattices can be used for realizing the lattice-
matched AllnGaN barriers in InGaN MQWs.

017803-2



Chin. Phys. B Vol. 26, No. 1 (2017) 017803

105} InGaN/AlInGaN MQWs GaN @
F InGaN SLS-n
104} A

102

Intensity/arb. units

100

33.3 33.6 339 342 345 348 351

w/(%)
InGaN/GaN MQW:s
w0ef /GaN MQWs GaN (b)
L InGaN
104 SLO

Intensity/arb. units

32.0 32.8 33.6 34.4 35.2 36.0
w/(°)
Fig. 2. XRD w-scan profiles of (a) InGaN MQWs with lattice-matched
AlInGaN barrier and (b) conventional InGaN/GaN MQW.

The surface morphologies of Samples A and B are inves-
tigated by SEM. As shown in Fig. 3(a), three V-pits can be
found on the surface of the InGaN/AlInGaN MQWs, corre-
sponding to a defect density of 4.6 x 10° cm~2, which is far
less than that shown in Fig. 3(b) for that of the conventional
InGaN/GaN MQWs. It is known that the generations of the V-
pits in InGaN are due to the In atoms congregating in the dislo-
cation core areas under the misfit strain. Further, the In segre-
gation, behaving as differential surfactant, reduces the surface
energy of the {1011} plane relative to {0001} and promotes
the V-pits to form a threading dislocation. >*2! Therefore, the
magnitude of strain in the MQWs directly affects the num-
ber of V-pits. From Fig. 3(a), the significant decrease of V-pit
density occurs, indicating the effective suppression of overall
strain in the InGaN/AlInGaN MQWs, which can be deemed
as a result of the AlInGaN superlattice barrier, resulting in the
elimination of driving forces for the formation of V-pits and
thus the V-pits themselves.

To better understand the effect of strain on the optical
properties of the two InGaN MQWs, the excitation-dependent
PL measurements for Samples A and B are performed at room
temperature. The PL peak positions are plotted versus exci-
tation power in Fig. 4. The highest excitation power density
is 4x10%> W/cm?. With the increase of excitation power, a
large blueshift of nearly 10 nm is observed for Sample B. This

optical behavior is familiar to that of typical strained InGaN

MQWs.[22241 As is well known, the spontaneous polarization
fields in GaN and InN are approximately equal. The spon-
taneous polarization discontinuity is proved to be existent at
the heterojunction interface of the multi-layer structure, which
results in a smaller residual spontaneous polarization. Thus,
it is expected that the polarization field will arise primarily
from the piezoelectric effect.[>>] The screening of the piezo-
electric field-induced quantum confined Stark effect (QCSE)
due to more photo-excited carriers causes the PL peak to be
blue shifted with increasing excitation power.[?®! The InGaN
QW width d normally is 3 nm, the built-in field (F,) in Sam-
ple B can be obtained from the equation: F, = AE/qd,*"]
where the shift of emission peak energy is and ¢ is the elec-
tronic charge. The F;, in Sample B is determined to be about
0.2 MV/cm, which is in the range of reported values. Thus,
the blueshift is mainly due to the screening of QCSE. How-
ever, Sample A shows a negligible shift of the peak position in
spite of the increase of excitation power, indicating no obvious
built-in field in the MQWSs. The observed unconventional PL
behavior of Sample A can be explained by reducing the lattice
mismatch between the well and barrier, which is consistent
with the SEM observation. By using the AllnGaN superlat-
tices as the barriers, we reduce the magnitude of strain and the
corresponding built-in field in the InGaN/AlInGaN MQWs.

(a) InGaN/AllnGaN MQWs

(b) InGaN/GaN MQWs

JSM-7000F S| 8.0kv  X5,000

1um WD 46mm

Fig. 3. SEM images for (a) InGaN/AlInGaN MQWs and (b) In-
GaN/GaN MQWs.
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Fig. 4. Variations of PL peak position versus excitation power.

Figure 5 shows the variations of integral PL intensity with
excitation power for two samples. It is noted that the inte-
grated PL intensity of Sample B is always smaller than that of
Sample A, and that the discrepancy between the two samples
becomes larger, even reaches over 3 times with the increase
of excitation power. As is well known, the QCSE can lead
to the separation of electrons from holes, 28! and then reduce
the recombination efficiency. Hence, Sample B has a strong
inhibition from carriers recombining due to the built-in field.
At the same time, Sample A is not influenced by the QCSE,
showing a much higher PL intensity.

Meanwhile, the V-pits can serve as non-radiative recom-
bination centers to capture carriers and also degrade the re-
combination efficiency of InGaN MQWs. Less V-pits in Sam-
ple A also contribute to better optical performance.

—m— Sample A
3.0r
—0O— Sample B

20F
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Integrated intensity/10® arb. units

2

Fig. 5. Variations of integrated PL intensity with excitation power for
Samples A and B.

To further investigate the luminescence mechanisms of
the two samples, temperature-dependent PL experiments are
performed in a closed cycle cryostat in a temperature range
from 6 K to 250 K. The samples are excited by a 325-nm cw
He—Cd laser. The normalized integrated PL intensities versus
the reciprocal of temperature are plotted in Fig. 6, and fitted
by the following Arrhenius equation: [>°]

1

{1 + Y a;jexp (— /:15:71")]

I(T) = ey

where a; is the rate constant related to the density of non-
radiative recombination centers, E,, the activation energy of
the corresponding non-radiative recombination center, and kg
is Boltzmann’s constant.

In Fig. 6, Sample A shows better thermal quenching be-
havior with the PL intensity dropping slowly as temperature
increases. The thermal activation energy (E,) extracted for
Sample A is 9.3 meV, less than the exciton binding energies
of most impurities,**! which can be attributed to the slight In
compositional fluctuation within InGaN wells. However, for
Sample B, the PL intensity drops first slowly in the low tem-
perature region and then more rapidly in the high-temperature
region, indicating that two thermally activated non-radiative
recombination centers are activated with rising temperature.
As illustrated by the dash lines, two non-radiative channels
are employed in the best fitting curve for Sample B. The first
thermal quenching channel, with £, of 9.6 meV and a; of 5.8
in the lower temperature region, similar to that for Sample A,
should also be related to In compositional fluctuations within
MQWSs. The other non-radiative channel in the higher temper-
ature region, with bigger E,, and a; (99.7 meV, 292.5), might
be related to strain-induced dislocations (i.e., V-pits) because
of the large value of rate constant. It is found that a, is much
bigger than that reported in green-emitting MQWs, 53.8,13!]
indicating that there are more non-radiative centers in Sample
B.
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Fig. 6. Arrhenius plots of integrated PL intensity for MQWs with Alln-
GaN and GaN barriers.

Temperature-dependent PL. experiments under a certain
excitation power are also employed to estimate the internal
quantum efficiency (1);,) of the MQWs. In the case that the
PL intensity decreases monotonically with increasing temper-
ature, the 7, is assumed to be equal to 100% when the PL
intensity reaches saturation at low temperature, and 1;, is de-
fined as the ratio of the PL intensity at high temperature to that

(32,331 As shown in Fig. 6, when the internal

at low temperature.
quantum efficiency (1;,) of the MQWs is taken as a bench-
mark at 6 K, 7nj, at 250 K obtained from the integrated PL

intensity is 76.1% for Sample A, and only 21% for Sample B.
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This result once again indicates the improved luminescence
performance by adopting the AlInGaN superlattice barrier in
MQWs.

4. Conclusions

In this work, we successfully fabricate lattice-matched
AlInGaN superlattice barriers for InGaN MQWs by using the
AlGaN/InGaN short period superlattices. By using the lattice-
matched AllnGaN superlattice barrier in the MQWs, the V-pit

2. The excitation-

density reduces as small as 4.6 x 10° cm
dependent PL results confirm that using AllnGaN superlattice
barriers can greatly reduce the strain-induced built-in field in
the MQW and suppress the QCSE. The integrated PL inten-
sity of the InGaN/AlInGaN MQWSs shows a more than 3 times
increment as compared with that of the normal InGaN/GaN
MQWs. Temperature-dependent PL results show that inter-
nal quantum efficiency of InGaN/AlInGaN MQWs (76.1%)
is much higher than that of the normal InGaN/GaN MQWs
(21%). These results reveal that using the Al1GaN/InGaN short
period superlattices is an effective approach to fabricating a
lattice-matched AlInGaN barrier for InGaN MQWs, and the
performance of the MQWSs can be greatly improved. This
technique is promising for the realization of high-efficiency
lighting devices.
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