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Origin of Luminescence from InGaN Diodes

K.P. O'Donnell, R. W. Martin, and P. G. Middleton

Department of Physics and Applied Physics, University of Strathclyde, Glasgow G4 ONG, Scotland, United Kingdom
(Received 7 July 1998

We report the first direct observation of phase decomposition in a luminescent alloy and show that
this decomposition, allied to quantum confinement enhancements, accounts for the surprisingly high
efficiency of InGaN-based diodes manufactured by Nichia Chemical Industries. Hence nanostructure,
rather than composition, is responsible for the success of these devices. A common nanostructure, in
the form of nearly pure InNN quantum dots, occurs across a large range of average indium content in
InGaN and leads to a universal scalability of the optical spectra. [S0031-9007(98)08055-7]

PACS numbers: 85.60.Jb, 78.66.Fd, 85.30.Vw

While Nichia Chemical Industries have recently com-maps the joint density of states (JDOS), there is an energy
mercialized blue and green light-emitting diodes (LEDs)shift (usually called the Stokes’ shift) between peaks of
based upon InGaN quantum wells [1,2], and demonstrateldiminescence and absorption in solid state systems with
long-lived blue lasers at room temperature [3], rather littlespatial energy disorder (see, for example, Ref. [9]). The
is known about the origin of the luminescence from suchmagnitude of this shift scales in a universal way with
devices, or its apparent indifference to a huge density othe classical localization in one dimension [10] and two
structural defects [4]. Much of the discussion of the operaf11]. No analysis for three-dimensional localization, such
tional characteristics of Nichia diodes contradicts a theoas in disordered alloys, is available but, experimentally,
retical demonstration [5] that In is, to a large extent,the Stokes’ shift has been shown to be proportional to the
insolublein GaN at typical growth temperatures. Henceemission linewidth (these quantities being approximately
the emission spectrum of, say, a “50% alloy of InGaNequal in magnitude) [12]. In this paper we examine, with
grown at700 °C” should actually contain two components a large dynamic range, the electroluminescence (EL) and
at high and low energy, corresponding to the two-photocurrent (PC) spectra of commercial Nichia diodes.
component phase decomposition demanded by therm®e thereby demonstrate the extent of localization in the
dynamics. This decomposition of the emission spectrunactive regions of these devices, and relate the experimen-
has been observed for the first time in Nichia diodetal results to a model that attributes the luminescence al-
electroluminescence spectra. In addition, we observenost exclusively to quantum dots.

a shift of the low-energy component due to quantum Emission and absorption data were measured, at tem-
confinement in nanocrystalline inclusions of nearly pureperatures between 300 and 4.2 K, for blue and green
InN, which leads to a dominant emission band in the blueNichia LEDs. These devices contain a single InGaN
or green spectral region. quantum well (about 3 nm wide), sandwiched by several

Although (partial) phase segregation has been showpm of n-GaN and a thinp-AlGaN cladding layer. The
to be present in InGaN alloys by a number of authorsemission wavelength is tuned by increasing the indium
[6—8], we argue here that cation segregation takes alevel within the quantum well, with nominal indium mole
extreme form in Nichia diodes, and find that the originfractions between 0.2 and 0.45 for blue and green devices.
of the luminescence in these devices is best described dte EL was detected by using a GaAs:Cs photomultiplier
emission from quantum dots of approximately constantube while the PC spectroscopy involved measuring the
composition—approaching InN—and having radii thatphotocurrent generated within unbiased LEDs illuminated
increase monotonically with the average In incorporationby monochromated light from a tungsten lamp. Figure 1

The intimate connection between exciton localizationshows low temperature spectra from blue and green emit-
and luminescence in semiconductors is now well estabting devices at 4.2 K, plotted on a logarithmic scale to
lished. Luminescence occurs when the dwell time of aremphasize the large dynamic range of the measurements.
exciton in a localized site exceeds its radiative decay time. The EL spectra show the main blue and green peaks
The process of luminescence therefore involves an exwith nearly exponential tails at both high and low energy
change of energy between a massive stationary particid3]. A shift to higher energy is observed with increasing
(the exciton) and a massless particle traveling out of therive current due to the saturation of the lowest energy
semiconductor at the speed of light (the photon). The instates. To faithfully represent the energy distribution
teraction is well described in systems without disorder byof the localized states, measurements are made with
the polariton model, but it should be noted that each lumirather low drive currents—typically50 nA. At a higher
nescence event involves at least one defect, in the form afrive current, of order 5 mA, the linear EL spectrum
a surface. Since excitation, in contrast to luminescencgFig. 2) highlights the relative weakness of the second,
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FIG. 1. EL and PC spectra at 4.2 K from (a) green and (b)
blue Nichia diodes.
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FIG. 2. Expanded 4.2 K EL data from a blue diode, highlight-
ing the high-energy peak.

high-energy emission peak at 3.25 eV. The PC spectra
consist of an absorption edge with a low-energy tail, _ .
fising to a plateau which terminates with a peak afMents on a range of InGaN epilayers [14,16] are included

approximately 3.4 eV, slightly below the low temperatureto derr?ongtrate the general linear relationship between
band gap of GaN. Stokes’ shift and luminescence peak energy. Extrapolat-

Our analysis of the light emission from Nichia diodes "9 t© the GaN band-gap energy reduces the Stokes’ shift

rests upon an evaluation of the Stokes’ shifts for the |y{o zero, as gxp_ected. The energy Sh.'ft between the delo_-
minescence peaks in Figs. 1 and 2. While the smallecalized excitonic states and the localized states responsi-

high-energy peak is related to the corresponding absor[5’)_Ie_for I_ight emiss_ion is seen to increase with i_ncreasing
tion transition in exactly the way predicted for a randommdu;mfchorFora}tlon, Idemdodr_\s_tratlr;g a fdeeplenlng of the
alloy [12], the larger peak shows an anomalous relaxatior{,)eve of localization. In addition, data from large num-

entirely consistent with our present knowledge of the ex—ders 0; InG_aN d|odhes anq e_pllayeri reveal s;mlle;]r Imggrh
citation cycle of quantum dots. Taking into account their ependencies on the emission peak energy for the widt

very different half-widths, the ratio of the emission inten- ©f the EL peak [17] and the broadenit§E) of the PC or

sities of the low- and high-ener eaks is approximatel ptical_ absorption spectra [14]. . . .
1|0|00:1_ W 9 P 'S approxi )P Having demonstrated these scaling relationships, we are

o : : iable to offer a complete description of the origin of the lu-
It is immediately apparent that the dominant EL peak™ ; . _
for both blue and green diodes coincides with the low-minescence in InGaN epilayers and Nichia LEDs. Rather

energy asymptote of the PC, indicating that the distribu

tion of localized excitons peaks at an energy for which ) ; :
the JDOS of delocalized excitons is in fact vanishinglyperat“res according to the theoretical estimate) leads to an

small. States at still lower energy, viz., the whole lowerNGaN active layer composed of quantum dots of nearly

half of the emission spectra, do not overlap with the JDOé‘niform composition (approaching InN) embedded in an

and are thereforenore localizedhan is classically possi- '”d‘““_“ deficie_nt ma”‘X (IQGa—xN, with x < (.)‘06)' In-
ble. To extend the comparison of EL and PC it is essenS'€asing the indium incorporation merely increases the

tial to provide a consistent description of the absorptio'€@n Sizé of the quantum dots, while the composition
edge,a(E). This involves an average energy gai) for stays pinned. These quantum dots provide highly effi-
the IﬁGaN layer and a broadening paramefek) which cient centers for radiative recombination of excitons, free
reflects the energy gap fluctuations resulting from in-gdrom the deleterious effects of the numerous dislocations
segregation. The following sigmoidal formula has beerP€S€nt. A sharp drop in efficiency has been reported

used [14] withAE equivalent to the Urbach tailing en- at a low indium Ie\_/el n uItravioIet_ InGaN LEDS.[B]’
which can be explained by the requirement of a minimum

than form a conventional alloy, the highly restricted solu-
bility of In in GaN (less than 6% at typical growth tem-

ergy [15]: . ) .
9y [15] level of indium for quantum dot formation. The emis-
(E) = 1 (1) sion energy is determined by quantum confinement within
a ol T exp( £t the dots. Although a number of material parameters are

not well established for InN, preliminary estimations us-
The Stokes’ shift, defined as the energy difference being electron (hole) masses 622m, (1.0my) indicate that
tweenEp and the peak of the emission spectrum, is plotthe entire observed spectral range can be accounted for
ted against the emission peak energy in Fig. 3. Resultwith dot sizes ranging from the logical minimum (of or-
from photoluminescence and optical density measureder 0.6 nm) to approximately 2 nm. Thus, the energies of
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Our results suggest an alternative account: What is re-
»  diodes covered in x-ray diffraction is a product of the distribu-
e epilayers tion of nearly pure InN quantum dot sizes within the layer.
] At low levels of indium incorporation, the dots are small
and therefore constrained to the GaN lattice constant by
the surrounding matrix. Small variations in dot size, and
hence local lattice constant, lead to a minimal broaden-
ing of the x-ray diffraction peak. However, as one intro-
duces increasing amounts of indium to the system, the dots
become larger and exert a greater influence over their lo-
cal environment, gradually approaching the lattice constant
22 24 26 28 30 32 34 of pure InN as the matrix effects weaken. The increased
Emission peak (eV) linewidth of the shifted diffraction peak is then explained
by an increasing variation in the sizes of the nearly pure
FIG. 3. Stokes shift plotted against emission peak energy folnN dots as the average indium content increases.
the Nichia diodes and a range of InGaN epilayers. The anticorrelation between crystal perfection, assessed
by detecting nonequilibrium single-phase material, and lu-
minescence efficiency has an obvious explanation in the
the main EL peaks in Figs. 1 and 2 correspond to intrinquantum dot picture. Material that shows sharp InGaN
sic emission from nearly pure InN, enhanced by quantundiffraction peaks may be devoid of nearly pure InN quan-
confinement, while the higher energy of the subsidiarjtum dots and therefore show no, or very weak, lumines-
peak reflects the band gap of the nearly pure GaN macence. This matter will be explored elsewhere.
trix, saturated with a few percent of indium. According Insummary, we have shown that InGaN is a truly quan-
to the calibration of Middletort al. [19], this peak corre- tum material. Perhaps only one other luminescent system,
sponds to a saturated indium concentration of 4%. that of porous silicon, shows comparable characteristics
A 4% solution of In in GaN may of course occupy [22]. There, too, it is the nanostructure, rather than the
more (or less) than 4% of the total volume. The filling composition, which defines the material properties. The
of the available space in the decomposed InGaN mixturscalabilities of the Stokes shift, absorption edge broaden-
depends upon the initial In:Ga ratio. For example, a layeing, and luminescence peak width with emission peak en-
of Ing53Gay47N may consist of a connected percolation ergy reveal a common factor controlling the spectroscopic
tree of IngosGayosN which takes up 49% of the total properties of InGaN layers. This commonality is shown
volume, InN dots which occupy 51%, and microdispersedo arise from the presence of quantum dots whose compo-
metallic clusters which constitute the remainder of thesition does not change with the level of indium incorpora-
material. Direct observation of the quantum dots usingion. The InGaN system acts as an extremely sophisticated
transmission electron microscopy would be desirable but iguantum capture system: Charge carriers formed by elec-
rendered extremely difficult by their small size (estimatedtrical or photoexcitation are captured by nearly pure InN
to be of order 1 nm). Analysis of x-ray absorption fine quantum dots before they can be destroyed in the network
structure oscillations can provide structural informationof dislocations that plague even the best materials. Once
on the nanometer scale. When used to probe the locélapped, they have no choice but to convert into photons
environment of indium atoms within InGaN layers on aand contribute usefully to device output. Thus, it is not
next-nearest-neighbor scale, this technique has indicatdétle perfection of layer structure that will provide a route
phase segregation into nanometer size quantum dots atwl superior device performance, rather it is the utilization
metallic clusters [20,21]. of the very impossibility of perfect material that is the key
The indium composition of InGaN “alloys” is usually to future improvements in InGaN-based devices. The task
extracted from x-ray diffraction experiments by usingfor nitride research must now be to fully exploit the as-yet
Vegard’s law. This states that the lattice constant of ainrealized potential of the self-formed quantum dots.
ternary compound varies linearly between those of the
two constituent binaries as the composition changes. The
broad peaks obtained by experiment are interpreted asll S- Nakamura, M. Senoh, N. lwasa, and S. Nagahama,
resulting from an InGaN layer of varying composition, . APPl. Phys. Lett67, 1868 (1995).
e T [2] S. Nakamura, Mater. Res. Soc. Symp. Pr885 879
and a mean value for the composition is then calculated (1996).
using the peak of the scattering curve. The InGaN peak 3] S. Nakamura, Mater. Sci. Eng. B (to be published).
are found to broaden as one attempts to grow layers of4] 5. p. Lester, F.A. Ponce, M.G. Craford, and D.A.
higher indium concentration. This broadening is attributed Steigerwald, Appl. Phys. Let66, 1249 (1995).
to the deterioration of layer quality as the lattice mismatch [5] I. Ho and G.B. Stringfellow, Appl. Phys. Let68, 2701
between adjacent layers becomes an issue. (1996).
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