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Integrating AlInN interlayers into InGaN/GaN multiple quantum wells

for enhanced green emission
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Significant enhancement in green emission by integrating a thin AlInN barrier layer, or interlayer
(IL), in an InGaN/GaN multiple quantum well (MQW) is demonstrated. The MQWs investigated
here contains 5 periods of an InGaN QW, a 1 nm thick AlInN IL, and a 10nm thick GaN barrier
grown by metalorganic chemical vapor deposition. To accommodate the optimum low-pressure
(20 Torr) growth of the AlInN layer a growth flow sequence with changing pressure is devised. The
AlInN IL MQWs are compared to InGaN/AlGaN/GaN MQWs (AlGaN IL MQWs) and conven-
tional InGaN/GaN MQWs. The AlInN IL MQWs provide benefits that are similar to AlGaN ILs,
by aiding in the formation of abrupt heterointerfaces as indicated by X-ray diffraction omega-
2theta (w-20) scans, and also efficiency improvements due to high temperature annealing schedules
during barrier growth. Room temperature photoluminescence of the MQW with AlInN ILs shows
similar performance to MQWs with AlGaN ILs, and ~4-7 times larger radiative efficiency (pump
intensity dependent) at green wavelengths than conventional InGaN/GaN MQWs. This study shows
the InGaN-based MQWs with AlInN ILs are capable of achieving superior performance to conven-

tional InGaN MQWs emitting at green wavelengths. Published by AIP Publishing.
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InGaN-based multiple quantum wells (MQWSs) have
achieved tremendous success as high efficiency active
regions in blue light-emitting diodes (LEDs) and laser diodes
(LDs).'™ These blue LEDs and LDs are integrated with
phosphors to create the most efficient white sources ever cre-
ated.>”® However, to achieve an even higher efficiency white
light source and enable smart functionalities such as color
temperature tuning,® white sources created from direct emit-
ters (blue, green, and red) are 1required.7 Therefore, creating
InGaN-based MQWs emitting at green to red wavelengths
becomes essential. Longer wavelength InGaN-based MQWs
require a significant increase in In-content within the QWs,
which in turn results in low efficiency active regions com-
pared to the blue.”* The efficiency reduction in InGaN-
based MQWs emitting in the green-red is attributed to multi-
ple reasons including phase separation in high In-content
InGaN;'%!"" defects induced by strong lattice mismatch
strain;'>'* Jow growth temperatures in order to incorporate
higher In-concentration that introduces impurities and
defects;'>'® and charge separation caused by strong, built-in
polarization fields.'”~"°

Several solutions have been proposed to enhance the
efficiency of green- and red-emitting InGaN-based MQWs,
including the use of large overlap QW active regions,'®>!
non- and semi-polar QWs,*2? ternary substrates,”**> and
AlGaN interlayers (ILs) in InGaN MQW.?*7! Specifically,
AlGaN tensile barriers or ILs provide various benefits for
higher efficiency green-red LEDs.?®' The AlGaN IL
behaves as a “cap” layer that suppresses out-diffusion of
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indium from the InGaN QW and produces a more abrupt het-
erointerfaces.”®?” It also enables strain compensation and
promotes pseudomorphic growth with suppressed defect for-
mation.”’' Finally, the structure also enables annealing of
InGaN QW during GaN barrier growth at higher tempera-
tures that improves efficiencies.?’

AlInN is another potential IL choice for InGaN-based
MQWs with potential advantages over AlGaN ILs. First, the
strain state of the AIInN can be tuned with respect to GaN by
changing In-content, from heavily tensile strained, to nearly
lattice-matched, to compressively strained.>? Therefore, an
AlInN IL enables one to perform strain engineering within
the InGaN-based MQW. Second, owing to significantly dif-
ferent adatom mobilities of Al and In, it could be easier to
achieve smoother layers and more abrupt interfaces for
AlInN, especially at low growth temperatures, similar to
what is observed in AllnAs.>® Third, at the same lattice con-
stant, and hence the same strain state, AlInN has a larger
bandgap than AlGaN. Thus, AlInN ILs placed on top of
InGaN QWs (i.e., close to the p-type layer of the device)
could potentially suppress any electron leakage more effi-
ciently.*® Furthermore, the low growth temperature of AlInN
(~700-800°C) is close to that of the InGaN QW, which
potentially benefits the epitaxy of the high Al-content alloy
and also suppresses In out-diffusion in InGaN-based nano-
structure. Previous reports have proposed and demonstrated
AlInN layers in optoelectronic devices,**>? electronic devi-
ces,”* and thermoelectricity.*' ™ However, employing
AlInN as an IL into InGaN/GaN MQW for visible emitters
has not yet been reported.

In this letter, integration of an AlInN barrier layer, or
interlayer (IL), in an InGaN-based MQW structure with

Published by AIP Publishing.
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FIG. 1. (a) Schematic illustration of
the InGaN-based multiple quantum
well (MQW) structure with an AlInN
barrier layer or interlayer. (b) Profile of
growth temperature (7,) and pressure
(P,) as function of time for one period
of the MQW growth. Note the growth
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significantly enhanced green emission is demonstrated.
A growth procedure is developed to accommodate the reduc-
tion in growth pressure that is necessary for the AlInN layer
without compromising the InGaN QW. X-ray diffraction
(XRD) omega-2theta (w-20) scans suggests that embedding
an AlInN tensile IL helps to achieve consistently abrupt het-
erojunctions, similar to InGaN-based MQWs with AlGaN
ILs. Room temperature photoluminescence (PL) measure-
ments of the AlInN ILs MQW shows similar performance to
MQWs with AlGaN ILs, and ~4-7 times larger radiative
efficiency at green wavelengths than conventional InGaN/
GaN MQWs.

The InGaN-based MQW structure with an AlInN IL is
grown by using metalorganic chemical vapor deposition
(MOCVD) in a vertical-flow, Veeco P-75 reactor. Ammonia
(NH3) is used as group-V precursor for all layers, and triethyl-
gallium (TEGa), trimethylindium (TMIn), and trimethylalu-
minium (TMAI) are used as group-IIl precursors for the
MQW active region. The epitaxy process is initiated with the
growth of an 800 nm thick GaN buffer layer at ~1050°C on a
3 um thick unintentionally doped GaN (n ~ 3 x 10'%cm ™)
on a c-plane sapphire substrate, and then followed by the
growth of 5 periods of the MQW structure. A single period of
the MQW consists of an InGaN QW, a thin AlInN barrier,
and thicker GaN barrier as shown in Fig. 1(a). Three MQWs
with AlInN IL are fabricated and their structural parameters
are listed in Table I (labeled Al, A2, and A3). Two of the
AlInN ILs are tensile strained (Al, and A3) while the other
(A2) is lattice matched to GaN. For comparison, MQWs with
AlGaN tensile strained ILs (samples B1, B2, and B3), and a
conventional InGaN/GaN MQW (C1) are grown. The MQWs
with AIGaN IL are samples from our previous report.”'

The growth sequence of the MQW with an AlInN IL is
similar to MQWs with AlGaN ILs,>°! but with the addi-
tional challenge of changing growth pressures. Reported
optimized growth pressures (P,) for AlInN range from ~20

TABLE I. InGaN-based MQW samples in PL peak intensity comparison.®

Eane scale in this plot.

Qw : - B

Growth time

to ~50 Torr,””%*'"=** which is significantly lower than that
of the InGaN QWs (P, ~ 200 Torr).>" This requires a dra-
matic change of pressure during growth of the MQW, which
could potentially cause detrimental turbulences inside the
reactor and compromise the quality and performance of the
MQW. In this study, the growth pressure of AlInN is set to
20 Torr for optimized material quality,** and a “ramp and
stabilize” process is employed to achieve stable growth con-
dition for the AlInN. As shown in Fig. 1(b), the P, is set to
200 Torr for the growth of GaN barrier and InGaN QW, then
it is ramped down rapidly in 18 s and stabilized at 20 Torr.
Once the P, is stable the high quality AlInN IL is deposited
on top of the InGaN QW layer. Afterwards, the P, is ramped
back in 36 s to 200 Torr and is stabilized for the next period
of GaN barrier and InGaN QW. Furthermore, the InGaN
QW and AlInN barrier are both grown at T,=~730°C,
while the GaN barrier is grown at ~905 °C.

The AlInN IL MQWs are characterized by using XRD
w-20 scans in the (0002) direction. The upper blue line in
Fig. 2 shows the XRD w-26 scan of the MQW consisting of
~3.3 nm thick IHO.lgGaoiglN QWS, ~1 nm thick AlO.gQIno_llN
tensile ILs, and ~10nm thick GaN barriers (sample Al in
Table I). For comparison, the lower orange line in Fig. 2
shows the XRD w-20 scan of the conventional InGaN MQW
with ~3.3nm thick Ing;9GapgiN QWs and ~10nm thick
GaN barriers (sample C1). As shown in Fig. 2, the XRD
w-20 scan of the MQW with AlInN ILs has significantly
sharper high order superlattice (SL) peaks (at ~15°) than
that of the conventional MQW, suggesting higher fidelity or
more abrupt heterointerfaces. Such phenomenon is similar to
MQWs with AlGaN ILs and is attributed to two reasons.
First, the AlInN IL caps the InGaN QW and prevents the
out-diffusion of In into GaN barriers;%’27 second, the AlInN
IL is tensile strained and compensates the compressive strain
within the InGaN QW enabling the consistent nearly pseudo-
morphic growth of entire 5-period MQW.*!

Sample ID In-content of InGaN InGaN thickness (nm) Al-content of AlInN AlInN thickness Al-content of AlGaN AlGaN thickness
Al 0.19 3.3 0.89 1nm n/a n/a

A2 0.15 3.3 0.83 1 nm n/a n/a

A3 0.19 3.0 0.89 1 nm n/a n/a

Bl 0.20 3.3 n/a n/a 0.42 0.4nm

B2 0.21 33 n/a n/a 0.42 1.0nm

B3 0.21 3.3 n/a n/a 0.42 1.7nm

Cl 0.19 3.3 n/a n/a n/a n/a

“All MQW samples have ~10 nm thick GaN barriers and consist of 5 periods.
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10" Thus, the MQW thickness can be locally less uniform lead-

3.3nmin,,Ga, ,NMQW » GaN (0002) ing to the broadening. Therefore, it is possible the perfor-

10" w/ 1 nm Al In  NIL mance of the MQW with an AlInN IL can be further

e enhanced if growth with more consistent pressures is

’;—? 108 High order applied. On the other hand, even with the current conditions,

s SL peaks there is remarkable enhancement in green emission illustrat-

%‘ 108 — ing the AlInN IL is beneficial for potential LED applications.

S Figure 3(b) shows the relative radiative efficiencies as

c 10 function of excitation power density of the same samples
= 3.3nmin  Ga, N - . Lo . .

4 MQW wio IL. shown in Fig. 3(a). The relative radiative efficiency is calcu-

102 lated as the ratio of the integrated PL intensity over the cor-

responding excitation power. As shown in Fig. 3(b), the

1+ . . f f f { relative radiative efficiency of the AlInN IL MQW (Al)
14 15 16 17 18 19 20 exhibits a dramatic enhancement over that of the conven-
Omega-2Theta (°) tional InGaN MQW (C1). Specifically, 4-7 times improve-

ment is observed over a range of excitation power density.
FIG. 2. XRD ©-20 scan of a 5-period InGaN MQW with ~3.3nm thick Furthermore, the relative radiative efficiency of AlInN IL
Ing 19Gag g N QWs, ~1nm thick Alygolng ;N interlayers, and ~10nm thick

GaN barriers, and of a conventional 5-period InGaN MQW with ~3.3 nm thick MQW peal.(s at mu.Ch lower pOW?I‘ denSity‘ These lov&fer
Ing 10Gag.51N QWs and ~10nm thick GaN barriers. The AlInN IL MQW data power density and higher peak efficiency are consistent with
is offset by 10* in the y-axis to easily compare data. The higher order superlat- a decrease in defect or Shockley-Read-Hall recombination.
tice (SL) peaks (at ~15°) are more visible for the AlInN IL MQW. The AlInN IL MQW is behaving similar to AlGaN IL
MQWs, where the AlInN behaves as a “cap” layer and the
annealing cycle during the GaN barrier growth significantly
enhances radiative efficiency of the InGaN QW.*’

To show how performance varies with emission wave-

Photoluminescence (PL) of the samples are measured at
T=300K by using a 405-nm laser with ~400 um beam
diameter and at ~24 W/cm? power density. The as-measured

spectra are processed by fast Fourier transform (FFT) to length, a comparison of PL peak intensity at a pump excita-
remove resonant fringes caused by the AllnGaN layers on  io intensity of ~24 W/cm? is carried out among 7 different
sapphire. Figure 3(a) shows the comparison of PL spectra  [nGaN-based MQWs. Figure 4 shows the PL peak intensities
between the MQW with AlInN ILs and conventional MQW.  measured from those 7 different MQWs as function of peak
The AlInN IL MQW (A1) produces higher but broader PL  emjigsjon wavelength. Note that the PL spectra are mapped at
spectrum than the conventional MQW (C1). The peak PL |5 different spots on each MQW sample and the samples are
intensity of the MQW with AlInN IL is ~5 times larger than grown on a one-sixth of a 2-in. diameter wafer. The lowest
that of the conventional MQW. Such great enhancement in jntensity in those 15 measurements is excluded from this
green emission is in consistent with the improved MQW het- plot to avoid the occasional “dead spot” on the sample.
erointerfaces revealed by XRD. Furthermore, it has been As shown in Fig. 4, Al has the longest average emission
shown theoretically that employing a large bandgap AIINN  wavelength at ~530 nm with lowest average intensity (~1.8
barrier can also improve the quantum confinement within the  a.u.) among the MQWs with an AlInN IL. By reducing the
QW resulting in stronger optical transitions and higher emis- QW thickness to 3 nm, the average emission wavelength of
sion efficiency.” A3 blue shifts to ~510nm with highest average intensity
The PL spectrum of the AllnN IL MQW (Al) has a  (~2.9 a.u.). As indicated by the dotted red arrow in Fig. 4,
broader full width at half maximum (FWHM) of ~44nm  the average peak intensity of the MQWs with either the
compared to the conventional MQW as shown in Fig. 3(a). ~ AlInN or AlGaN IL drops as the emission wavelength red
The broadening of the PL spectrum in MQW with AlInN ILs shifts which is typical for InGaN-based MQWs. The spread
could be attributed to the inhomogeneous growth of the  in the peak intensity within a wafer could be due to a number

MQW caused by the pressure changes and unstable growth. of factors, including growth non-uniformities and resonant
Although P, is stabilized before layer growth, small turbu- PL pumping caused by thickness variations in the underlying
lence can exist near the reaction surface after growth restarts. GaN. However, the AlInN IL MQWs achieve 4-5 times
3.0 100
F — As measured (a) F T=300K (b)
[ After FFT 530 [
24 T 530 nm 3 804  peak
3 [ "\ 3.3nmin, Ga,NMAW & r ' 33nmin Ga N MQW FIG. 3. (q) PL spectra (T: 300K) of the
< i 7y w1 nm Al gln, (N IL oy I O wi1 anAyl ‘ILI?II NIL MQW with 3.3nm thick Ing;9GagsN
~ N . . - 0.89" 0.1 .
> 187 i g 60 . - QWs and 1nm thick Alygolng; ;N ILs,
[ 3 \ é’ Fe Tt and the conventional MQW with 3.3nm
r : re —~e.__ . .
E 124 Neo L R 3;::’;"‘"’6“:' N ® 401 Conventional e SRR thlc.k .IIIO']QGa():g]N QWs. (b) The relative
2 [ MQ"W 081 2 L 3.3 nmIn,,Ga, N radiative efficiency as function of the
o 0.6 L S ol mMaw W Pe:’k excitation power density of the same
Tt A @ ! AllnN IL MQW and tional
L AL T = 300K IR et s VoW QW and convention:
0 e . T '
470 510 550 590 630 0 0.3 0.6 0.9 1.2
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FIG. 4. PL peak intensity comparison (T = 300K) of the 7 different InGaN-
based MQW samples. For each MQW sample, PL spectra are mapped at 15
different spots with their peak intensities plotted as function of peak
wavelength.

enhancement on peak PL intensity over the conventional
MQW (C1) within the green spectral regime from 520 to
530nm. Such great improvement shows the advantage of
using AlInN ILs in InGaN-based MQWs for high perfor-
mance green emission. Additionally, Fig. 4 shows that the
AlInN IL MQWs have enhancements that are similar to
AlGaN IL MQWs. Although the AlGaN IL MQW is a more
researched approach for high efficiency long wavelength
emitters,”®>' this data shows AlInN IL could still provide
remarkable advantages owing to its high Al-content for bet-
ter capping and smoothing effects for abrupt interface and
add flexibility of tuning strain from tensile to compressive
by changing In-content. Furthermore, the AlInN IL on top of
InGaN QW serves as larger bandgap barrier, which, in prin-
ciple, can suppress any electron leakage and enhance current
injection efficiency.>* The benefits of strain engineering and
carrier leakage suppression using AlInN ILs require further
investigation.

It should be noted that the absolute values of improve-
ment found here could be different for others depending on
the maturity of the growth process for the InGaN-based
MQWs. The performance of the conventional MQWs shown
above is typical for the employed recipe and reactor, and the
comparisons show in this letter provide a reasonable metric
for improvement. However, it has been shown that AlIGaN
ILs provide marked improvement over conventional MQWs
emitting in the red—greenzs’30 and given that the AlInN IL
MQWs shown here have similar performance to AlGaN IL
MQWs is an indication that they too could provide large
improvements for long wavelength InGaN MQWs.

In conclusion, AlInN ILs were integrated into InGaN-
based MQWs by MOCVD resulting in enhanced green emis-
sion compared to conventional InGaN MQWs. XRD w-260
scans of the AlInN IL MQWs exhibited improved fidelity for
higher order peaks, suggesting consistently abrupt heteroin-
terfaces due to the AlInN IL. PL measurements on the MQW
with 3.3nm thick Ing;9GapgN QWs and 1nm thick
Alggolng 11N tensile strained ILs shows 4-7 times higher
efficiencies than the conventional InGaN-based MQWs

Appl. Phys. Lett. 112, 201106 (2018)

emitting in the green spectral regime. Furthermore, compari-
son of PL peak intensity of various InGaN-based MQW sam-
ples indicates an advantage for the AIInN IL MQWSs across a
broad portion of the green spectral regime.

The authors would like to acknowledge funding support
from U.S. National Science Foundation (Awards Nos. ECCS
1408051 and DMR 1505122) and Daniel E. ’39 and Patricia
M. Smith Endowed Chair Professorship Fund.
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