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We report on the luminescence properties of AllInGapgida o N 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 eneag$ om In, odGay goN

QW was redshifted by 236 meV as the stress in the well was changed+tb&86% (compressive

to 0.25% (tensilg. 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. D00 American Institute of Physics.
[S0003-695(100)01732-F

The vast potential of GaN, AIN, InN, and their alloys for of 0<x<0.26 and 8&<y<0.11? This range allows the growth
ultraviolet to far-red optoelectronic devices, high frequencyof AlinGaN/Ing o§Ga&, oJN QWS for which the band gap of the
devices, and power applications has been establistfed. barrier is equal to 3.4 eV and theaxis lattice constant is
However, many issues involving important materials propernearly equal to that of strain-relaxed,yGay oJN. In this
ties remain unresolved. The large lattice mismatch of thdetter, we report on the effects of strain on the optical prop-
nitrides can result in device active layers experiencing sigerties of AllnGaN/InGaN QW structures grown by metalor-
nificant biaxial stress, especially for AlIGaN/InGaN or GaN/ ganic chemical vapor depositigMOCVD).

InGaN heterostructures. Furthermore, the Il nitrides also Samples were grown on-face sapphire in a vertical
possess large piezoelectric constants, which produce an agactor MOCVD system. First, a low temperature AIN buffer
ditional class of strain-related phenomena for these comlayer is deposited. This step is followed by the deposition of
pounds. 2 um of GaN. A 0.45um layer of InGa, _,N is then grown

Many studies have analyzed the optical properties oto serve as the new growth template. For the indium content
InGaN quantum well{QWSs).*~8 Motivations for these in- used, this thickness exceeds the critical layer thickness, indi-
vestigations involve the unusual optical properties for InGaNcating the film is relaxed The lattice constant of the tem-
QWs. First of all, InGaN layers are very efficient emitters plate is varied by changing On top of the InGaN template,
despite the presence of defect densities that would destrayie AliInGaN/In, odGay o N/AlINGaN QW structure is grown
radiative recombination in other lll-V compounds. Also, an(Fig. 1). Details of quaternary growth can be found
energy shift between absorption and emission spectra is frelsewhere. The widths of the AllnGaN barriers are 150 and
quently observed for InGaN-based layers, and several inveg0 nm for the bottom and cap layer, respectively. Thus, the
tigators have reported a blueshift in emission energy as catotal thickness of the double heterostructure is less than the
rier injection levels are increased in InGaN QWs. expected critical layer thickness for AllnGaN onGg; _,N

Previous studies have been performed using GaN/InGalibr the compositional ranges investigated assuming the qua-
or AlGaN/InGaN QWs. In this scheme, the InGaN well layer ternary has similar elastic properties as ING8Nhe strain
is subjected to compressive stress. In order to develop a beh the QW structure is determined by the lattice parameter of
ter understanding of InGaN QWs, measurements of structhe InGa N template. Ifx=0.08, the QW is unstrained. If
tures in which the well experiences tensile stress and zerg>0.08, tensile stress exists in the well, and compressive
stress are highly desirable. This can be achieved with the us@ress is created wher<0.08. The composition of the
of the quaternary alloy AlinGaN. Use of a quaternary film asAlinGaN barrier is chosen such that the band gap is equal to
the barrier for an InGaN QW allows independent control 0f3.4 eV, and the unstrained lattice parameter is nearly equal to
the barrier height and lattice constant. This flexibility allows that of unstrained lygGay oN.
the lattice strain experienced by the InGaN QW layer to be  An alternative scheme to achieve the same strain condi-
varied between compressive, zero, and tensile straintions in the QW would utilize very thick AlinGaN layers
Progress in the epitaxial growth of Ah,Ga, _,_ N has re- grown directly on GaN. For this case, defect generation
sulted in films with good optical properties for compositionswould originate in the quaternary layer as opposed to the
InGaN template. Samples grown with a thick quaternary
aEjectronic mail: meaumer@eos.ncsu.edu layer but without the InGaN template demonstrated poorer
YElectronic mail: bedair@eos.ncsu.edu optical properties related to interface roughness than did
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FIG. 3. PL peak energy vs strain forglgGay oJN QWs. (Diamond$ 3 nm
AIN (35 nm) QWs.(Squares9 nm QWs. The star indicates the band gap for fully relaxed
Ing 0dGa oN. The strain equivalent of growth on GaN occurs at 0.86%
(0001) Sapphire compressive stress.

FIG. 1. Cross section of test structure grown,dBaoN QW and  the presence of a good interface between the AlinGaN bar-
AIInGaN cladding are pseudomorphic to the relaxed InGaN layer. Strain isjar and the InGaN well layer. As expected, the peak emis-
varied by changing. sion energy of the QWs increased due to compressive stress
) ) and decreased when subjected to tensile sffeigs 3). For
samples with thg InGaN template. The reason for |m.proveqlhe 3 nm QW, the peak energy shifts by 206 meV when the
quaternary quality when grown on an InGaN buffer with the compressive strain is eliminated. The peak energy is reduced
identical in-plane lattice constant is still under investigation.another 30 meV when the InGaN is subjected to 0.25% ten-
Two sets of samples were grown for this study. Thegjje stress. The peak energy trend is very similar for the case
InGaN QW width was either 3 or 9 nm, and the strain in theof the 9 nm QWs. Reducing the strain from 0.86% compres-
QW was varied from 0.4% tensile stress to 0.86% compresgjye to 0.34% tensile results in a redshift of the PL peak

sive stress. The latter number corresponds to the straignergy by 211 meV. The peak energy positions for the 3 nm
equivalent of pseudomorphic growth ofplGaeN 0N @ Qws are uniformly higher than the peak energy 49 nm
thick layer of GaN. The stress was calculated using the relage|| subjected to the same stress. Quantum size effects can
tionship o, =as/a;—1, whereas anda; are thea-axis lat-  5ccount for this behavior which, due to the large effective

tice constant for the substrate and film, respectively. In oUpyasses in the nitrides, are not usually significant for thick
samples, the InGaN template is the substrate and thgg|is.

Ino,0dG2 9N well is the film. Values of the lattice parameters  The strain dependence of PL peak position illustrates
were obtained by x-ray diffraction measurements of thick,;ne possible application for strain engineering. Long wave-

relaxed films grown under identical conditions. The films|ength emitters can be obtained with relatively low indium

were characterized using photoluminescen@®) and  compositions in the active layer. This is significant because

capacitance-voltage measuremergs-y). the solid solubility of indium in GaN is predicted to be about
The optical properties of these films are demonstrated bgos, at our growth temperature of 875%To emit light at

the room temperature PL for the 3 nm QWHg. 2). Since 420 nm, the indium content required in the active layer of a

narrow wells are particularly sensitive to surface roughnessy nm InGaN QW clad by GaN is 13%. Such a film is more
the narrow peaks and subdued deep level emission indicate
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FIG. 2. Room temperature PL of 3 hm QWs under compressive and zero
strain. Peak energy shifts by 206 meV going from compressive to zerdIG. 4. 10 K PL for @ nm g Ga, N QWSs suhjected o varying amounts
strain. of lattice-mismatch induced strain.
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20 face for the case of compressive strain and the other interface
A a when tensile strain exists. This shift in electron distribution
is observable wittC—V profiling by a difference in the elec-
tron peak position$? Because the background concentration
of the quaternary barrier is almost*#0electrons/cm?, par-
L] tial screening of the piezoelectric field in the well is likely
due to carrier diffusion. Apparently, this screening is signifi-
cant enough to reduce the energy redshift due to the quantum
s 1 confined Stark effect, but not strong enough to completely
= A A obscure the effects of field-induced carrier separation.
tensile | compressive In summary, 1g0§Ga oN QWs have been grown sub-
—— ] , : : jected to varying amounts of in-plane biaxial strain, includ-
04 02 0 0.2 -0.4 0.6 0.8 -1 ing tensile strain and no strain. The strain was found to sig-
strain (%) nificantly effect the optical properties of the QW. PL peak
FIG. 5. Peak PL intensity vs strain at 10 Squares 9 nm QWs.(Tri- intensity |s reduced by_the existence of strain, and Fhe PL
angl'es).3 nm QWSs. An unstrained QW is three times as intense a§ its highl)pea!( position can .be Shlf_ted h.undreds of meV by vgrylng the
strained counterpart. strain. Thus, strain engineering is a tool to achieve long
wavelength emitters when the use of active layers with high

. i , ~indium content is undesirable.
susceptible to the potentially deleterious effects associated
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