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Growth and optical properties of In Al ,Ga; _,_,N quaternary alloys

J. Li, K. B. Nam, K. H. Kim, J. Y. Lin, and H. X. Jiang®
Department of Physics, Kansas State University, Manhattan, Kansas 66506-2601

(Received 16 August 2000; accepted for publication 9 October)2000

In,Al,Ga, _yN quaternary alloys with different In and Al compositions were grown by metalorganic
chemical vapor deposition. Optical properties of these quaternary alloys were studied by picosecond
time-resolved photoluminescence. It was observed that the dominant optical transition at low
temperatures in IAl, Ga,_ N quaternary alloys was due to localized exciton recombination, while
the localization effects in [\l ,Ga, ;N quaternary alloys were combined from those of InGaN and
AlGaN ternary alloys with comparable In and Al compositions. Our studies have revealed that
In,Al,Ga, _yN quaternary alloys with lattice matched with GaN epilayeys-@.8x) have the
highest optical quality. More importantly, we can achieve not only higher emission energies but also
higher emission intensitfor quantum efficiencyin In,Al,Ga, _,_ N quaternary alloys than that of
GaN. The quantum efficiency of JAl,Ga N quaternary alloys was also enhanced significantly
over AlGaN alloys with a comparable Al content. These results strongly suggested that
In,Al,Ga,_,_ N quaternary alloys open an avenue for the fabrication of many optoelectronic
devices such as high efficient light emitters and detectors, particularly in the ultraviolet region.
© 2001 American Institute of Physic§DOI: 10.1063/1.1331087

Il nitrides including GaN epilayers, InGaN and AlGaN at 20 mA was measured from an AlGaN/GaN MQW light
alloys, and InGaN/GaN and GaN/AlGaN multiple quantumemitting diode(LED) in the UV spectral region near 354
wells (MQWSs) have been intensively studied due to theirnmZ° This output power is more than two orders of magni-
many applications in ultraviolefUV)/blue light emitters, tude lower tha a 3 mWoutput power from blue LEDs fab-
solar-blind UV detectors, and high power/temperaturericated from InGaN/GaN MQWs.
electronics: It has been demonstrated that most nitride based  In this letter, we report the growth and optical properties
devices must take advantage of MQWs and heterostructures In,Al,Ga, _,_ N quaternary alloys. A 0.5-1.@m GaN
such as GaN/AlGaN and InGaN/GaN as well as the tunabilepilayer was first deposited on the sapphire substrate with a
ity of the band gaps in the alloys from Inf1.9 eV) to GaN 25 nm low temperature GaN buffer layer, followed by the
(3.4 eV) and to AIN(6.2 eV). Thus an important issue is still deposition of a 0.1um InAl,Ga_,_yN quaternary alloy
quantum well(QW) or heterostructure device structural per- epilayer by the low pressure metalorganic chemical vapor
fection, which requires development of innovative ap-deposition(MOCVD). The growth temperature and pressure
proaches to synthesize high quality Ill-nitride QWs and het-for the underneath GaN epilayer were 1050 °C and 300 Torr,
erostructures. Recently, JAl,Ga__yN quaternary alloys respectively. For IpAl,Ga_,_yN quaternary alloys, the
have been recognized to have the potential to overcomgrowth temperature was 780 °C and In and Al compositions
some shortfall of GaN epilayers and InGaN and AlGaNwere controlled by varying the flow rates of TMIn and
alloys?™" By varying In and Al composition andy i TMAI. Picosecond time-resolved PL was employed to study
In,AlyGa;_x—yN, one can change the energy band gap whilehe optical properties of these materigiontents of In and
keep lattice matched with GaN. In addition to the key fea-A| were determined by different methods including x-ray
tures of lattice match with GaN and the tunability in energydiffraction (XRD), energy dispersive system, Rutherford
band gap, IpAl,Ga - yN quaternary alloys also have the packscattering, and PL measurements and were within 5%
potential to provide a better thermal match to GaN, whichygriation. It was found that lAl,Ga N quaternary alloys
could be an important advantage in epitaxial growth. Thewjith |attice matched with GaN epilayerg£4.8x) have the
potential applications of InAlGaN quaternary alloys ashjghest PL intensity as well as the narrowest XRD linewidth.
InGaN/InAlGaN QW light emitters, GaN/InAlGaN hetero-  Table | lists the optimal growth parameters and emission
junction field-effect transistors,and UV detectofs have  properties of one of the JAlL,Ga N quaternary alloys
been demonstrated recently. that are lattice matched with GaN together with those of

It was observed previously that photoluminescefitle In,Ga,_,N and ALGa,_,N alloys. Room temperature elec-
emission intensity or quantum efficient@E) of Al,Ga,_xN  tron mobilities and concentrations have also been measured
alloys decreases exponentially with an increase of Alynq listed in Table | as well.
content’ QE of UV light emitters fabricated from Figure 1 shows the PL emission spectra of GaN epilayer
AIXGaiTXI\_l alloys are thus exp_ected to drop S|gn|_f|cantly_a§(No_ 567, AlLGa,_,N alloy (No. 347, In,Ga_,N alloy
the emission energy extends into deeper UV region. This 1¥No. 693, and InAl,Ga, _,_,N quaternary alloyNo. 706

one of the key problems for the fabrication of high perfor- neasyred aT=10 K. The arrows indicate the spectral peak
mance UV optoelectronic devices. In fact, in a recent prOOf'positions. The integrated PL intensity, ., for each of the

of-concept demonstration work, an output power of 8 4jj6y samples is included in Table I. The lower emission
peak at 3.487 eV in the PL spectrum of InAlIGaN quaternary
3Electronic mail: Jiang@phys.ksu.edu alloy in Fig. 1(d) is due to the underneath GaN epilayer. The
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TABLE I. List of optimal growth parameters and PL emission properties of 8-— : .
an InAl,Ga _,_N quaternary alloy together with those of®g _,N and 4
Al,Ga, _«N alloys. 7 .
InGa_,N AlLGa_,N InAl,Ga _, (N "‘g 2
_ . J
Sample KSU 693 KSU 347 KSU 706 = o
Growth P (Torn 300 270 300 ﬁ 44 (@ ]
parameters T (°C) 780 1060 780 31 A InGaN -
XRD (002 (arc se¢ 359 375 411 e AlGaN
In and Al contents X~2.6% x~13.6% x~2.6%,y~12.4% 2y . o AlnGaN ]
w(cn?IV s) 222 215 236 1L . , . : :
n(10Y cm3) 2.50 5.40 3.60
E, (V) T=10 K 3395 3722 3575 000 002 004 006 008 010
T=300K 3348  3.674 3.542 1T(1/K)
lemi (@.U) T=10K 185 80 175
T=300 K 3.9 0.72 2.58
FWHM (meV) T=10 K 26 26 29
Eactivation (MEV) 16.3 16.7 23.4
7(n9 (T=10 K) 0.28 0.35 0.49

emission spectrum of JAl,Ga, N quaternary alloys in
Fig. 1(d) shows that we can achieve not only higher emission

energies but also higher emission efficiency in

In,Al,Ga N quaternary alloys than that of GaN. The '800 04 08 12 :|6
physical origin of this enhanced QE inJ&l,Ga, _,_N qua- ' ' ' ' '
ternary alloys over GaN and Aba _,N alloy is not yet T(ns)

clear. However, it is now well known that |6 _,N alloys  FIG. 2. (a) The Arrhenius plots of PL intensities of InAlGaN, InGaN, and
have higher QE than GaN epilayers. It is thus not SUt’pI’iSihQ’*'GaN alloys.(b) PL decay profile of InAlGaN together with those of GaN
that the QE is enhanced after the incorporation of indjumfPlayers, InGaN, and AlGaN alloys measured'at1O K.
into Al,Ga; _«N.

PL spectra at different temperatures were also measurdtre. The Arrhenius plots of PL intensity of InAlGaN, In-
for InAlGaN, InGaN, and AlGaN alloys. Emission intensi- GaN, and AlGaN alloys are shown in Fig(a2 The solid
ties in these samples all decrease with increasing temperéines in Fig. Za) are the least squares fit of data with the

equation
08 3487&V | (@) [(T)=1g/[1+Cexp—Ey/kT)], (€N)
06 { KSU567
04 £ GaN whereE, is the activation energy ard is a fitting constant.
T=10K The fitted values ofE, are 16.3, 16.7, and 23.4 meV for
83 FVW_WFGAYWE\,/.’L . . InGaN, AlGaN, and InAlGaN alloys, respectively.
05 ®) | 3.727eV From Table |, it is interesting to note that the growth
04| kqlaay ,!’ conditions as well as the emission properties of
_ 8;’ A, Ga N : In,Al,Gay_,_,N are more closely related with J6a _,N
- 01 FWHM=26 meV £ i than ALGa _,N. The growth temperature and pressure for
fﬁ/ 98 . , , |- the optimized IpAl,Ga_, N quaternary alloys
g " 3.398eV| © (Tg=780°C andP=300 7) are exactly the same as for
=" 08 _ KSU 693 In,Ga, _,N alloys. The relative integrated PL intensities of
5‘ I 05 Gy 7N In,Al,Ga N quaternary alloys are 175T&10 K) and
04 / 1 PWHM=26 meVv 2.58 (T=300 K). These values are comparable with the val-
0.0 L I ues of 185 T=10 K) and 3.9 =300 K) for InGaN, but
0.8 KSl(.(Jj)706 ;.‘3'5776\/ much larger than the values of 8010 K) and 0.72
06 In, 1A, 2.Ga N P (T=300 K) for AlGaN. It is thus concluded that
04 ™ i A} In,AlyGa,_,_ N quaternary alloys are InGaN-like rather
0.2 3487eV | g ) FWHM=29 meV than AlGaN-like, although Al composition is almost a factor
00 of 5 larger than In.
32 33 34 35 36 37 38 39

FIG. 1. PL spectra of GaN, A4Ga,_,N, In,Ga _,N, and InAl,Ga_,_N

E(eV)

The dominant PL transitions in JAl,Ga, _,_ N quater-
nary alloys at low temperatures are also due to the localized
exciton recombination, just as the cases in InGaN and
AlGaN alloys. This fact is reflected in the characteristics of

quaternary alloys measured at=10 K. The emission spectrum of time-resolved PL as well as decay lifetimes. Decay lifetimes

In,Al,Ga,_,_yN shows that we can achieve not only higher emission ener-
gies but also higher emission efficiency in InAlGaN quaternary alloys than
that of GaN. The emission efficiency of ., Ga ., N is also higher than

that of AlL,Ga, _,N and is comparable to that of /Ba, _,N.

of PL emission at their spectral peak positions were also
measured for InAlGaN, InGaN, and AlGaN alloys and Fig.
2(b) shows the PL decay profies measured at their corre-
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20] ' ' (@) InGaN 105 In,Al,Ga N quaternary alloys is also mugh higher than
18] & a lifsime {04 that of AlGaN with a comparable Al composition. The en-
_ 3 ::8%3 los hanced emission intensity or QE have been observed re-
s e A t=06ns {02 cently in unstrained InGaN/InAlGaN QWs and was attrib-
° t=10ms  1g4 uted to the reduction of dislocation density as well as of the

piezoelectric fiel®. Our results show that besides the advan-
tages of reducing dislocation density and/or piezoelectric
field in lattice-matched InGaN/InAlGaN and GaN/InAlGaN
QWs, emission intensity or QE of InAlGaN is also higher
than that of AlGaN with a comparable Al composition. This
makes the InAlGaN quaternary alloys a better choice for
many UV optoelectronic applications over AlGaN. It is ex-
pected that detrimental effects due to lattice mismatch be-
tween the barrier and well materials, such as layer cracking,
piezoelectric field, and high dislocation density will be sig-
nificantly reduced in devices based on quaternary alloys
compared with those utilizing ternary alloys. This is very
important for UV emitter applications, where either AlGaN
E(GV) or InAlGaN will be used as active layers.

FIG. 3. Time-resolved PL spectra as well as emission energy dependence of [N summary, IpAl,Ga, _, N quaternary alloys have
decay lifetime measured at 10 K féa) In,Ga,_N alloys, (b) Al,Ga,_xN  been grown by MOCVD on sapphire substrates. Optical
alloys, and(c) In,Al,Ga_x-yN quaternary alloys. properties of IpAl,Ga,_,_yN quaternary alloys have been
studied by picosecond time-resolved PL spectroscopy and

sponding spectral peak positions at 10 K. The measured deympared with those of GaN epilayers as well as InGaN and
cay lifetimes at 10 K for InGaN, AlGaN, and InAlGaN al- aiGaN alloys. By controlling In and Al compositions of

loys are listed in Table I. In,Al,Ga,_,_yN quaternary alloys, we can achieve not only
In Fig. 3 is the plot of time-resolved PL spectra as well jattice match with GaN but also higher emission energies as
as emission energy dependence of decay lifetime measurgghl| as higher emission efficiencies in the UV region in
at T=10 K for (@ In,Ga N, (b) Al,Ga_ N, and (c) In,Al,Ga; _x_ N quaternary alloys than that in GaN epilay-
In,AlyGa . yN. The behavior of emission energy depen-ers. |n addition, PL emission intensity or quantum efficiency
dence of decay lifetime is very similar among these thregys In,Al,Ga, _,_,N quaternary alloys is enhanced over
alloys. While InAlGaN has the longest decay lifetimes, theAIXGai_XN alloys with similar Al contents and is compa-
decay lifetime decreases with an increase of emission energ¥pie to that of IpGa, N alloys with similar In composi-

at energies above their corresponding spectral peak posipn. It is also demonstrated that the physical properties of
tions. This is a well-known character of localized eXC'tO”SInXAIyGai,X,yN quaternary alloys are more closely related
and is due to the transfer of excitons from higher to loweriip, InGa,_,N than ALGa N including growth condi-
energy sites within the tail states caused by alloyiions and material properties.

fluctuations:?

The increased decay lifetime as well as activation energy ~ This research is supported by the grants from DOE
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