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Characterization of InGaN /GaN multi-quantum-well blue-light-emitting
diodes grown by metal organic chemical vapor deposition

K. S. Ramaiah, Y. K. Su, S. J. Chang, and B. Kerr
Department of Electrical Engineering, National Cheng Kung University, Tainan 701, Taiwvan ROC

H. P. Liu and I. G. Chen
Department of Materials Science and Engineering, National Cheng Kung University, Tainan 701,
Taiwan ROC

(Received 5 December 2003; accepted 9 March 2004

The structural, surface morphology, and the temperature dependence photoluminescence of
INnGaN(3 nm)/GaN7 nm) 5 period multi-quantum-well blue-light-emitting diodeED) structures

grown by metal organic chemical vapor depositifOCVD) have been studied. Quantum dot-like
structures and strain contrast evident by black lumps were observed in the quantum wells using
high-resolution  transmission electron microscopfHRTEM) analysis. Double-crystal
high-resolution x-ray diffractiofHRXRD) spectra of blue LED were simulated using kinematical
theory method, to obtain composition, and period thickness of well and barrier. The “S” shape
character shift as red—blue—redshift of the quantum-well emission line, i.e., blue emission peak
2.667 eV at 10 K, was observed with variation of temperature in the photolumines@@hce
spectra. The shift is assigned to the potential fluctuations due to alloy inhomogeneous distribution
in the quantum wells. The In composition in the quantum wells obtained by two independent
techniques, namely HRXRD and PL, was 8% and 19%, respectively. The reason for this large
difference in composition is explained in this letter. Z04 American Institute of Physics.
[DOI: 10.1063/1.1728302

Nitride-based blue and green light-emitting diodes illu- phire substrates by using conventional MOCVD technique.
minating with high brightness are now commercially avail- The GaN buffer layer with thickness of 25 nm was grown at
able, despite high dislocation density of®3d® cm 2 in  a low temperature of 560 °C, followed by @2m thick Si-
the epilayers. The InGaN/GaN multi-quantum-well struc- doped GaN layer at a higher temperature of 1060 °C, on
tures are being used as active layers in the light-emittingvhich a 5 period of 3 nm InGaN we(W)/7 nm GaN barrier
diodes(LED) because the emission spectrum can be tailoredB) was grown at a temperature of 780 °C usingadvly as a
from ultraviolet to visible region by varying In composition. carrier gas. This structure was capped witGaN having a
The blue LEDs, which showed higher efficiency than that ofthickness of 0.5um. Trimethyl-gallium, trimethyl-indium,
green LEDs, have been widely used in the communicatiomnd NH; were used as precursors for Ga, In, and radical
and information technologies. The In mole fraction of 0.1—nitrogen, respectively. Nand H were chosen as carrier
0.2 and 0.45 is required for blue and green LEDs, respeocgases to grow layers. The entire deposition process was de-
tively. The phase separation or segregation of In is a majoscribed in detail elsewhefe.
problem in the InGaN system due to solid phase immiscibil- The samples were mechanically polished and then
ity between InN and GaN. This segregation is due to a larg¢hinned by employing Af laser to study their microstruc-
difference in interatomic spacing, and other physical propertures. Philips transmission electron microscope was operated
ties such as thermodynamical and chemical instabilities, etcat 200 kV to obtain structural data. Crystal structure was
which are very different between InN and GaN. The experi-characterized using a Philips X-pert double-crystal x-ray dif-
mental and theoretical studies revealed that the solid-phaseactometer with Gg220) single crystal, operated at 40 kV
immiscibility is high in InGaN? At normal growth tempera- and 50 mA with radiation of 1.54056 A. Nanoscope atomic
tures, the alloy is unstable over the entire composition. Thenicroscope was used to scan the surface of the LED struc-
formation of phase separation leads to a quantum dot-likéure. For PL measurements, a He—Cd laser operated at 325
structure, which is highly beneficial to obtain high externalnm, a GaAs-based photodetector used to record excited
quantum efficiency from the InGaN/GaN LEDs structutes. emission, and a closed-loop He cryostat for low temperature
Due to a lack of understanding of this phase segregatiorwere employed.

LED structures have to be investigated with respect to struc- AFM analysis showed the root-mean-squémas) sur-
tural, optical properties, etc., to know the role of In in the face roughness of 1 nm of the quantum well sample. TEM
wells. analysis revealed that an average width of the period was

The blue LEDs studied were prepared on c-plane sapfound to be 10.2 nm, i.e., well width-3 nm and barrier

width ~7.2 nm from a micrograph. Figurgd shows dark

dpresent address: Department of Electrical Engineering, Virginia CommonpontraSt regions formed between the intermixing of InGaN

wealth University, 601 W. Main St, Richmond, VA 23284: electronic mail: quantum WeII_S and GaN barriers by rela>_<ation of strain,
srkodigala@vcu.edu known as strain contrast. The quantum dot-like structures are
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FIG. 3. PL spectra of the InGaN/GaN multi-quantum-well blue LED struc-
ture measured at different low temperatures; the quantum-well peak shows
“S” shape character shift red—blue—redshift with variation of temperature.

mate average In composition in the well layers giving a
lower value. Traret al® also observed that In composition in
the multiquantum well structures is less than that in the in-
dividual or usual InGaN layers. The width of the peri@etll
and barrier was determined to be 10 nm by using the simple
relationn\/[2(sin6—sin#,)], where\ is the wavelength of
x-ray radiation,#;, 6; are angles of the adjacentand j

o ) satellite peaks, and is the order between the adjacent sat-
FIG. 1. Transmission electron micrographs of quantum-well structaje: llit ks of di. Th f Il lved sh
high-resolution transmission electron micrograph bright field images, show-e. Ite p_ea Solan ]_' e OCCW?”CG orwe 'rESF’ ved sharp
ing well and barrier width of 10.2 nm, black contrast resulting in strain diffraction or satellite peaks indicates that the interface be-
between the well and barrier regions, affl quantum dot-like structures  tween well and barrier is abrupt; however, the right-hand-
very clearly visible in the well regions. side satellite peaks are less pronounced, which is common in
quantum well structures because the periods are not in phase
and unequal in compositions at micro levels. In the case of
green LEDs, satellite peaks are less pronounced due to
high-In composition fluctuations in the layers.
. In order to obtain blue emissiaBL) at 465 nm(2.667
The experimentab/260 XRD scan for LED structure was ) asL) . ( )

eV) from the LEDs, the required In mole fraction in the

simulated by using the kinematical theory method, which ) .
gave an approximate average indium composition of 8% inquantum well structures is 0.2. Recent results confirmed that

the wells, as shown in Fig. 2. Surprisingly, PL analysis indi-;he bar?d %ap OE) InN is-0.77 E;\V With a rt])owing E{).arameter
cated an In composition of 19% in the wells, The anoma- Jetermined to be 1.43, as shown in the equaliéig(x)

lous behavior could be a quantum-confined Stark effecf 3-42¢+0.77(1-x) =x(1-x) 1.43. The band gafEg) of
(QCSB?® due to piezoelectric field caused by strain betweerl"GaN can be calculated from the InGaN quantum-well
well and barrier. In general, the intense PL emission is proground-level emissionE;e;y) i.e., blue emission peak at
vided by the quantum dot-like structures, which have effi-2-667 eV, using the relation E;¢;p=Eg—eFulw
cient radiative recombination centers when compared to tha (977 €Fw/8y2)?X(1/mg) +(1/m;))°. From these rela-
usual layers. The In-rich GaN matrix favors longer wave-tions, In composition in the InGaN wells was found to be
length emission, whereas XRD analysis showed an approxi=19%, which is not necessarily equal to that of XRD results
because the QSCE could be involved in the quantum-well

clearly visible in the well regions but not in the barriers, as
shown in Fig. 1b). The formation of quantum dot-like struc-
ture in the InGaN multiquantum well is evident due to the
low miscibility of InN in GaN.

= 10° emission, unlike absorption measurements; thus, the In com-
T . GaN (0002) position obtained from the PL measurements might be larger
= 0k 0 Experimental — than that of XRD measurements. The emission peak showed
8 10° f SR “S"-shape character shift, as temperature decreased from
%‘ room temperature to 10 K and two phon@oO) replicas

s existed with energy difference of about 91 meV, as shown in
£ Fig. 3. The other emission peaks such as band edge emission
§ (BE) at 3.469 eV, donor acceptor paDAP) at 3.285 eV, and

< its (phonon replicas pronounced at 3.192, 3.099, and 3.008

16 17 18 19 eV with a difference of about 91 meV and yellow bafvB)
Omega/2Theta emission at 2.214 eV, which are mainly from GaN. The

N S-shape character shift is due to potential fluctuations caused
FIG. 2. Double-crystal x-ray diffraction spectru@i26 scan of the InGaN/ . L . .
GaN multi quantum-well blue LLED structuréa) Experimental(solid line) by 'nhom()geneous Comp03|t|0nal and interface fluctuations
and(b) Simulation(dashed ling giving In composition of 8% in the wells. in the quantum-weil structures. As temperature increased
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from 10 to 60 K, the peak showed redshift with respect toanalysis showed rms roughness of 1 nm resulting in good
photon energy because thelectron hole paidscarriers, quality of the layers. The low-temperature PL studies showed
which are randomly distributed in the potential minima atthat “S”-shaped character shift, i.e., red—blue—redshift of
low temperature, do not have sufficient thermal energy s@uantum-well emission is attributed to the potential fluctua-
that they relax down to lower energy level states by reducindions due to alloy inhomogeneity and interface roughness in
higher energy emission. As temperature further increasethe quantum wells. The higher activation energy of 43 meV
(80—140 K, the emission peak showed blueshift, indicatingis indication of deep localization energies of excitons.

the carriers do have sufficient thermal energy to occupy , ) .

higher energy level states by emitting higher energy radia- 1 he authors would like to thank National Science Coun-
tion. For the temperature range of 160—303 K, there is agaiﬁ'l (NSO Taipei, for partial financial support under Contract

redshift, which is commonly accepted to be due to nonradi-\° NSC 85-2215-E-006-004. We than!( Prgfessolr H.
ative recombination rates, which dominate radiative recomMorkog and Professor D. Johnstone for fruitful discussions.

bination rates at room temperatdréWe observed that the

PL intensity of quantum wells without a capping layer was | o _ - .

higher than that op-GaN capped quantum-well structures S. Nakamura and S. F. Ch!chlblmtr_oducnon to Nitride _Semlconductor
.. . . Blue Lasers and Light Emitting Diode§aylor & Francis, New York,

because there is intraband absorption in the capped fayer. 2000.

The PL quantum efficiency and full width at half maximum 2K. Jacobs, B. Van Daele, M. R. Leys, I. Moerman, and G. Van Tendeloo,

of the QW peak for the LED structure were found to be J. CfYSt-dGVOWch“S 495_3|(2003)- _ . | y

0.05% at room temperature and 62 meV at 10 K. The blue gbn?:Sanf?:"ng‘s(ggg"&ano’ J- Massies, and S. Dalmasso, Solid State

emission peak intensity versus inverse temperature gave th&. s Ramaiah, Y. K. Su, S. J. Chang, F. S. Juang, and C. H. Chen, J.

activation energy of 43 meV, indicating the localization of Cryst. Growth220, 405(2000.

the carriers in the structure. The activation energy was in- g- g hCh'C*;bltéi A-dc- ASbaBre'FI'V'; PH Makak'\ﬂ' JS'SMQS"V;(E EéegBUCh"

. . . ™ . . . conhen, P. Kozodoy, S. b. Fleischer, 5. Kell, J. 5. Speck, J. E. bowers,
cre.aseld with mgreasmg |Ij1 composition, reSljlltmg n dgep lo- E. Hu, U. K. Mishra, L. A. Coldren, S. P. DenBaars, K. Wada, T. Sota, and
calization energies of excitons due to potential fluctuatidns. s Nakamura, Mater. Sci. Eng., B59, 298 (1999.

However, PL quantum efficiency is higher in the blue LEDs °C. A. Tran, R. F. Karlicek, Jr., M. Schurman, A. Osinsky, V. Merai, Y. Li,
as compared to that in the green LEDs, which is due to '(-;E)'\'A"’,‘;hfg'scglg’;'-(go%rownv J. Nering, I. Ferguson, and R. Stall, J. Cryst.
domination of strqnger mtrmsu': r§d|at|ve recombination 7, "~ Johnson, R. J. Jogerson, J. Wu, W. Shan, and E. Bourret-
rather than nonradiative recombination. The decrease of PLcourchesne, J. Cryst. Grow61, 44 (2004

intensity with increasing temperature can be attributed to the’K. S. Ramaiah, D. Huang, M. A. Reshchikov, F. Yun, H. Morkoc,
thermionic emission of the excited photocarriers due to po- i/l ;Zfagli'gtr';ﬂ‘i”%g\(’gggg S. C. Sone, and S. H. Park, J. Mater. Sci.
tential fluctuations, which arise from the compositional fluc- sy yan 1. chen, H. B. Yu, D. S. Li, . B. Yan, Q. Huang, and J. M. Zhou,
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fluctuations between well and barrier. 10Q. Zhou, J. Chen, B. Pattada, M. O. Manasreh, F. Xiu, S. Puntigan, L. He,
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