
Effects of tensile and compressive strain on the luminescence properties of
AlInGaN/InGaN quantum well structures
M. E. Aumer, S. F. LeBoeuf, S. M. Bedair, M. Smith, J. Y. Lin, and H. X. Jiang 

 
Citation: Applied Physics Letters 77, 821 (2000); doi: 10.1063/1.1306648 
View online: http://dx.doi.org/10.1063/1.1306648 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/77/6?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Effects of tensile, compressive, and zero strain on localized states in AlInGaN/InGaN quantum-well structures 
Appl. Phys. Lett. 80, 3099 (2002); 10.1063/1.1469219 
 
Strain-induced piezoelectric field effects on light emission energy and intensity from AlInGaN/InGaN quantum
wells 
Appl. Phys. Lett. 79, 3803 (2001); 10.1063/1.1418453 
 
Effects of growth interruption on the optical and the structural properties of InGaN/GaN quantum wells grown by
metalorganic chemical vapor deposition 
J. Appl. Phys. 90, 5642 (2001); 10.1063/1.1410320 
 
Enhanced luminescence in InGaN multiple quantum wells with quaternary AlInGaN barriers 
Appl. Phys. Lett. 77, 2668 (2000); 10.1063/1.1319531 
 
Exploring the effects of tensile and compressive strain on two-dimensional electron gas properties within InGaN
quantum wells 
Appl. Phys. Lett. 77, 97 (2000); 10.1063/1.126889 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.118.249.45 On: Thu, 01 May 2014 22:47:32

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1018974610/x01/AIP-PT/Asylum_APLArticleDL_043014/Asylum-Research-MFP3D-Infinity-APL-JAD.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=M.+E.+Aumer&option1=author
http://scitation.aip.org/search?value1=S.+F.+LeBoeuf&option1=author
http://scitation.aip.org/search?value1=S.+M.+Bedair&option1=author
http://scitation.aip.org/search?value1=M.+Smith&option1=author
http://scitation.aip.org/search?value1=J.+Y.+Lin&option1=author
http://scitation.aip.org/search?value1=H.+X.+Jiang&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1306648
http://scitation.aip.org/content/aip/journal/apl/77/6?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/80/17/10.1063/1.1469219?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/79/23/10.1063/1.1418453?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/79/23/10.1063/1.1418453?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/90/11/10.1063/1.1410320?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/90/11/10.1063/1.1410320?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/77/17/10.1063/1.1319531?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/77/1/10.1063/1.126889?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/77/1/10.1063/1.126889?ver=pdfcov


APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 6 7 AUGUST 2000

 This a
Effects of tensile and compressive strain on the luminescence properties
of AlInGaN ÕInGaN quantum well structures

M. E. Aumer,a) S. F. LeBoeuf, and S. M. Bedairb)

Department of Electrical and Computer Engineering, North Carolina State University, Raleigh,
North Carolina 27695-7911

M. Smith, J. Y. Lin, and H. X. Jiang
Department of Physics, Kansas State University, Manhattan, Kansas 66506

~Received 3 April 2000; accepted for publication 9 June 2000!

We report on the luminescence properties of AlInGaN/In0.08Ga0.92N quantum wells ~QWs!
subjected to a variable amount of lattice mismatch induced strain, including wells with zero strain,
compressive strain, and tensile strain. The primary peak emission energy of a 3 nm In0.08Ga0.92N
QW was redshifted by 236 meV as the stress in the well was changed from20.86%~compressive!
to 0.25% ~tensile!. It was also found that the photoluminescence intensity of quantum wells
decreased with increasing strain. A lattice matched 9 nm QW exhibited a luminescence intensity
that is three times greater than its highly strained counterpart. The potential applications of this
strain engineering will be discussed. ©2000 American Institute of Physics.
@S0003-6951~00!01732-0#
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The vast potential of GaN, AlN, InN, and their alloys fo
ultraviolet to far-red optoelectronic devices, high frequen
devices, and power applications has been establishe1–3

However, many issues involving important materials prop
ties remain unresolved. The large lattice mismatch of
nitrides can result in device active layers experiencing s
nificant biaxial stress, especially for AlGaN/InGaN or Ga
InGaN heterostructures. Furthermore, the III nitrides a
possess large piezoelectric constants, which produce an
ditional class of strain-related phenomena for these c
pounds.

Many studies have analyzed the optical properties
InGaN quantum wells~QWs!.4–8 Motivations for these in-
vestigations involve the unusual optical properties for InG
QWs. First of all, InGaN layers are very efficient emitte
despite the presence of defect densities that would des
radiative recombination in other III–V compounds. Also,
energy shift between absorption and emission spectra is
quently observed for InGaN-based layers, and several in
tigators have reported a blueshift in emission energy as
rier injection levels are increased in InGaN QWs.

Previous studies have been performed using GaN/InG
or AlGaN/InGaN QWs. In this scheme, the InGaN well lay
is subjected to compressive stress. In order to develop a
ter understanding of InGaN QWs, measurements of st
tures in which the well experiences tensile stress and z
stress are highly desirable. This can be achieved with the
of the quaternary alloy AlInGaN. Use of a quaternary film
the barrier for an InGaN QW allows independent control
the barrier height and lattice constant. This flexibility allow
the lattice strain experienced by the InGaN QW layer to
varied between compressive, zero, and tensile str
Progress in the epitaxial growth of AlxInyGa12x2yN has re-
sulted in films with good optical properties for compositio

a!Electronic mail: meaumer@eos.ncsu.edu
b!Electronic mail: bedair@eos.ncsu.edu
8210003-6951/2000/77(6)/821/3/$17.00
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of 0,x,0.26 and 0,y,0.11.9 This range allows the growth
of AlInGaN/In0.08Ga0.92N QWs for which the band gap of th
barrier is equal to 3.4 eV and thea-axis lattice constant is
nearly equal to that of strain-relaxed In0.08Ga0.92N. In this
letter, we report on the effects of strain on the optical pro
erties of AlInGaN/InGaN QW structures grown by metalo
ganic chemical vapor deposition~MOCVD!.

Samples were grown onc-face sapphire in a vertica
reactor MOCVD system. First, a low temperature AlN buff
layer is deposited. This step is followed by the deposition
2 mm of GaN. A 0.45mm layer of InxGa12xN is then grown
to serve as the new growth template. For the indium con
used, this thickness exceeds the critical layer thickness, i
cating the film is relaxed.10 The lattice constant of the tem
plate is varied by changingx. On top of the InGaN template
the AlInGaN/In0.08Ga0.92N/AlInGaN QW structure is grown
~Fig. 1!. Details of quaternary growth can be foun
elsewhere.9 The widths of the AlInGaN barriers are 150 an
30 nm for the bottom and cap layer, respectively. Thus,
total thickness of the double heterostructure is less than
expected critical layer thickness for AlInGaN on InxGa12xN
for the compositional ranges investigated assuming the q
ternary has similar elastic properties as InGaN.10 The strain
in the QW structure is determined by the lattice paramete
the InxGa12xN template. Ifx50.08, the QW is unstrained. I
x.0.08, tensile stress exists in the well, and compress
stress is created whenx,0.08. The composition of the
AlInGaN barrier is chosen such that the band gap is equa
3.4 eV, and the unstrained lattice parameter is nearly equ
that of unstrained In0.08Ga0.92N.

An alternative scheme to achieve the same strain co
tions in the QW would utilize very thick AlInGaN layer
grown directly on GaN. For this case, defect generat
would originate in the quaternary layer as opposed to
InGaN template. Samples grown with a thick quaterna
layer but without the InGaN template demonstrated poo
optical properties related to interface roughness than
© 2000 American Institute of Physics
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samples with the InGaN template. The reason for impro
quaternary quality when grown on an InGaN buffer with t
identical in-plane lattice constant is still under investigatio

Two sets of samples were grown for this study. T
InGaN QW width was either 3 or 9 nm, and the strain in t
QW was varied from 0.4% tensile stress to 0.86% comp
sive stress. The latter number corresponds to the st
equivalent of pseudomorphic growth of In0.08Ga0.92N on a
thick layer of GaN. The stress was calculated using the r
tionshipsxx5as /af21, whereas andaf are thea-axis lat-
tice constant for the substrate and film, respectively. In
samples, the InGaN template is the substrate and
In0.08Ga0.92N well is the film. Values of the lattice paramete
were obtained by x-ray diffraction measurements of thi
relaxed films grown under identical conditions. The film
were characterized using photoluminescence~PL! and
capacitance–voltage measurements (C–V).

The optical properties of these films are demonstrated
the room temperature PL for the 3 nm QWs~Fig. 2!. Since
narrow wells are particularly sensitive to surface roughne
the narrow peaks and subdued deep level emission ind

FIG. 1. Cross section of test structure grown. In0.08Ga0.92N QW and
AlInGaN cladding are pseudomorphic to the relaxed InGaN layer. Strai
varied by changingx.

FIG. 2. Room temperature PL of 3 nm QWs under compressive and
strain. Peak energy shifts by 206 meV going from compressive to z
strain.
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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the presence of a good interface between the AlInGaN b
rier and the InGaN well layer. As expected, the peak em
sion energy of the QWs increased due to compressive s
and decreased when subjected to tensile stress~Fig. 3!. For
the 3 nm QW, the peak energy shifts by 206 meV when
compressive strain is eliminated. The peak energy is redu
another 30 meV when the InGaN is subjected to 0.25% t
sile stress. The peak energy trend is very similar for the c
of the 9 nm QWs. Reducing the strain from 0.86% compr
sive to 0.34% tensile results in a redshift of the PL pe
energy by 211 meV. The peak energy positions for the 3
QWs are uniformly higher than the peak energy for a 9 nm
well subjected to the same stress. Quantum size effects
account for this behavior which, due to the large effect
masses in the nitrides, are not usually significant for th
wells.

The strain dependence of PL peak position illustra
one possible application for strain engineering. Long wa
length emitters can be obtained with relatively low indiu
compositions in the active layer. This is significant becau
the solid solubility of indium in GaN is predicted to be abo
8% at our growth temperature of 875 °C.11 To emit light at
420 nm, the indium content required in the active layer o
9 nm InGaN QW clad by GaN is 13%. Such a film is mo

FIG. 4. 10 K PL for 9 nm In0.08Ga0.92N QWs subjected to varying amount
of lattice-mismatch induced strain.

is

ro
ro

FIG. 3. PL peak energy vs strain for In0.08Ga0.92N QWs. ~Diamonds! 3 nm
QWs.~Squares! 9 nm QWs. The star indicates the band gap for fully relax
In0.08Ga0.92N. The strain equivalent of growth on GaN occurs at 0.86
compressive stress.
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susceptible to the potentially deleterious effects associ
with phase separation, ordering, interface roughness,
compositional fluctuations. However, in our test structu
emission at 420 nm from a 9 nm QW isattainable with 8%
InN in the active layer when it is subjected to tensile stre
The emission wavelength of such a QW grown on GaN
only 393 nm.

In Fig. 4, the 10K PL for the set of 9 nm QWs is plotte
The peak energy varies as expected with strain. The hig
energy corresponds to the highest level of compres
stress, but the peak intensity also exhibits strain depende
Plotting peak intensity versus strain emphasizes the relat
ship ~Fig. 5!. The intensity is a maximum for the near
lattice matched QW. If strain is increased, the intensity
reduced for both tensile and compressive cases. One pos
explanation of this trend involves the role of piezoelect
fields. For the nearly lattice matched QW, the piezoelec
field is virtually zero. In this well, the electrons and holes a
strongly coupled resulting in the highest radiative recom
nation rate.

For the strained wells, the piezoelectric field will cau
spatial separation of electrons and holes thereby reducing
oscillator strength and luminescence intensity. If this eff
were present, the electrons would accumulate at one in

FIG. 5. Peak PL intensity vs strain at 10 K.~Squares! 9 nm QWs.~Tri-
angles! 3 nm QWs. An unstrained QW is three times as intense as its hig
strained counterpart.
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face for the case of compressive strain and the other inter
when tensile strain exists. This shift in electron distributi
is observable withC–V profiling by a difference in the elec
tron peak positions.12 Because the background concentrati
of the quaternary barrier is almost 1018 electrons/cm23, par-
tial screening of the piezoelectric field in the well is like
due to carrier diffusion. Apparently, this screening is sign
cant enough to reduce the energy redshift due to the quan
confined Stark effect, but not strong enough to complet
obscure the effects of field-induced carrier separation.

In summary, In0.08Ga0.92N QWs have been grown sub
jected to varying amounts of in-plane biaxial strain, inclu
ing tensile strain and no strain. The strain was found to s
nificantly effect the optical properties of the QW. PL pe
intensity is reduced by the existence of strain, and the
peak position can be shifted hundreds of meV by varying
strain. Thus, strain engineering is a tool to achieve lo
wavelength emitters when the use of active layers with h
indium content is undesirable.
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