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While longer wavelength emission from InGaN/GaN light-emitting diodes (LEDs) can be achieved
by increasing the indium (In) content in the quantum wells, the increased In content gives rise to
side effects to the material and device performance and reliability. It was found that the induced
strain in the wafer and the density of threading dislocations increase with increasing In content.
From current-voltage and 1/f noise measurements, it was observed that the leakage currents, static
resistance, and noise magnitudes rise monotonically with increasing emission wavelength (In
composition), which can be attributed to higher defect concentrations. After undergoing a 1000 h
reliability test, it was discovered that the optical degradation rates for the longer wavelength green
LEDs were significantly higher than those of shorter wavelength. © 2009 American Institute of

Physics. [doi:10.1063/1.3253754]

I. INTRODUCTION

The role of varying indium molar fractions in InGaN/
GaN heterostructures on its optical properties has been ex-
tensively reported.! In a light-emitting diode (LED) struc-
ture, the indium concentration in the InGaN/GaN multi-
quantum wells (MQWs) is varied in order to produce LEDs
with different emission wavelengths across the visible spec-
trum. However, with increasing indium content to produce
LEDs of longer wavelengths, the strain at the interface of
InGaN and GaN increases correspondingly, leading to a
higher compressive strain in the well layer, resulting in the
difficulty of effective indium incorporation.2

The implication of having a higher indium ratio in the
MQWs is its potential threat to device performance and
longer-term reliability. First, the presence of higher In con-
tent will introduce large piezoelectric fields induced by the
large strain. This piezoelectric field reduces the overlap of
the electron-hole wave functions, and so results in reduced
internal quantum efficiencies in longer-wavelength LEDs.?
Second, the large built-in strain can give rise to high defect
concentrations in the structure in the form of dislocations,
which results in a degraded material quality. As a result, the
relatively higher dislocation densities of longer-wavelength
green LEDs often lead to poorer optical performance and
compromised reliability.

Our study is divided into two parts. First, we perform
material characterizations on InGaN/GaN LED wafers of dif-
ferent In content (and thus emission wavelengths). Atomic
force microscopy (AFM) surface scans were used to detect
the etch pits in plasma-etched wafer surfaces; etch pits offer
an accurate indication of defect densities in GaN wafers.
Raman spectroscopy was employed to evaluate the strain
condition in the QW regions of wafers. Additionally, the Hall
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mobility was measured, which were subsequently used for
explaining the acquired noise spectra of devices.

The second part relates to device characterization. LEDs
of wavelengths ranging from 440 to 550 nm were fabricated
under identical process conditions and device geometries.
The device performance and reliability were evaluated by
correlating defect concentrations in the various wafers with
their respective low frequency noise spectrum and 1000 h
degradation curve. The electrical properties of the different
devices, including I-V characteristics, leakage current, 1/f
noise spectrum were measured. The devices were subse-
quently subjected to a 1000 h continuous stress test. The
results serve to prove our postulation, and a physical model
has been constructed to explain the observed phenomenon.

Il. EXPERIMENTAL DETAILS

The general structure of the LED wafers consist of a
GaN buffer layer grown on c-plane sapphire substrate, fol-
lowed by a thick n-type GaN layer, active layers with
InGaN/GaN quantum wells, and capped with a top p-type
GaN contact layer. The nominal center wavelengths of the
grown wafers are 440, 470, 520, 540, and 550 nm achieved
by varying the alloying ratio of In,Ga;_ N from x=0.15 to
0.31, and are labeled samples A—E in the order of increasing
wavelength. Details of the growth will be reported else-
where. The defect densities of the grown wafers were deter-
mined by AFM using a Seiko Instruments Nanopics system,
after defect exposure by a plasma treatment similar to the
mesa etch process to be described later. UV-Raman spectros-
copy uses a 325 nm He-Cd laser as an excitation source
focused to a spot of less than 1 um. The scattered light was
detected in the backscattering configuration with a Jobin-
Yvon T64000 triple-grating spectrometer with a LN,-cooled
charge coupled device detector. The hole mobility was char-
acterized by a Biorad HL5500 Hall effect measurement sys-
tem in the Van Der Pauw configuration.
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FIG. 1. (Color online) 20 X20 um AFM surface scan of the (a) 440 nm, (b) 470 nm, (c) 520 nm, (d) 540 nm, and (e) 550 nm InGaN/GaN LED wafers.

The LEDs were fabricated via a standard microfabrica-
tion process beginning with the deposition of a semitranspar-
ent current-spreading layer composed of Ni/Au (10 nm/10
nm) by e-beam evaporation, followed by annealing in an O,
environment at a temperature of 550 °C for 5 min. A 500
X 500 wm? emission active area was defined by photoli-
thography and dry etched using a chemistry comprising
CHF; and Ar to expose the n-contact regions. Photolithogra-
phy was carried out again to define the p-pad and n-pad
areas. A bilayer of Ti/Al (50 nm/350 nm) was deposited as
p-pads and n-pads, and then annealed in N, at 350 °C for 1
min. The chips were diced by laser micromachining and
packaged onto TO headers. After wire bonding, a silicone
encapsulant was applied to protect the devices. The electrical
properties, including the /-V characteristics and leakage cur-
rent of the packaged devices were measured with a HP
4156A precision semiconductor parameter analyzer, while
the 1/f noise spectrum was measured by a BTA 9603 FET
Noise Analyzer. The optical performance of the devices was
evaluated with an Ocean Optics HR2000 fiber-coupled spec-
trometer. The devices, biased at 20 mA, were subsequently
subjected to a 1000 h continuous stress test at room tempera-
ture.

Ill. RESULTS AND DISCUSSION
A. Material characterization

The AFM surface scans in Fig. 1 are used for defect
estimation of the LED wafers. Defects propagate from the

site. where they are generated, forming line dislocations.
These defects include those generated at the GaN/sapphire
interface due to lattice mismatch and also defects generated
within the MQWs due to strain. Since dislocations terminate
at an interface as voids, counting the number of such voids
within unit area provides data on the dislocation density.
Nevertheless, such voids are of subnanometer dimension. In
order to “visualize” these features, they can be enlarged by a
plasma treatment. By etching away ~50 nm of p-type GaN
from the surface of the wafer, the defects are intentionally
enlarged due to preferential etching of recessed areas,” re-
sulting in the formation of etch pits. Etch pits are readily
revealed by AFM scanning of the plasma-treated surfaces,
from which the threading dislocation density can be esti-
mated by counting the number of spots within a known area.
In the 20X 20 um? surface scans shown in Fig. 1, the dark
dots represent these etch pits. The estimated defect densities
for sampled A-E are listed in Table I, respectively. Of
course, these figures do not represent the actual dislocation
densities in the wafer, as a portion of the dislocations are
annihilated at interfaces.’ Nevertheless, these numbers serve
to provide a comparative indication of the material quality.
For example, an order of magnitude increase in etch pits is
observed between wafers A and B when the In content was
raised from ~0.15 to ~0.20, and also between wafers B and
C with a similar fractional change in In content. A significant
increase in defect density is positively identified for wafers
of increasing wavelengths.
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TABLE I. Experimental data obtained from the five wafers, including etch
pit density, E, phonon frequency, Hall mobility, and device static resistance.

Sample/ Etch pit E, phonon Hall mobility/ Static
Device density/cm™  frequency/cm™'  cm? V~'s™!  resistance/(Q)
A-440 nm 7.5% 10 570.0 8.56 13.9
B-470 nm  3.0Xx10° 570.6 3.36 14.2
C-520 nm 1.4X%107 570.5 23.5
D-540 nm 1.75% 107 571.2 2.50 33.3
E-550 nm 2.22%107 572.2 2.78 52.6

Strain in GaN epitaxial layers originates from growth on
the lattice-mismatched sapphire substrate and subsequent
postgrowth cooling, and also due to the presence of point
defects, leading to the formation of threading dislocations.’
The E, mode frequency from a Raman spectrum can effec-
tively be used to monitor the strain component in the struc-
ture, since it is much more sensitive to strain compared to
other Raman modes due to its independence from the free
carrier concentration. The E, phonon line was reported to
shift toward the higher-frequency region with increasing
compressive strain by ~2.8 cm™'/GPa.” Since we are inves-
tigating the effects of varying In content in the quantum
wells, UV-Raman spectroscopy was conducted to ensure that
the probe depth was shallow. The Raman spectra taken from
six wafers of different wavelengths are shown in Fig. 2.

By performing a Lorentzian fit to spectra the center
value of the E, phonon peak can be determined, which have
been listed in Table I. For comparison, the £, mode center
frequency of 567.3 cm™' was measured from a piece of free
standing GaN, corresponding to nearly strain-free GaN.® A
monotonic linear shift of phonon frequency was observed
with increasing wavelength, highlighting the role of In dop-
ing in stressing the quantum well regions.

The presence of dislocation can affect carrier scattering
in a material.’ In this respect, the Hall mobility of our series
of samples has been measured. It is desirable to measure the
Hall mobility of the p-doped layer only. To prevent current
penetration across the p-n junction and parallel conduction
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FIG. 2. (Color online) UV-Raman spectra for wafers of wavelengths ranging
from 405 to 550 nm.
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FIG. 3. (Color online) I-V characteristics of the five InGaN/GaN LEDs of
different emission wavelengths.

along different layers, the test current was limited to 0.5 mA.
The measured Hall mobilities are listed in Table I.

From the Hall measurement result shown in Table I, the
hole mobility decreases from 8.56 cm? V~! s7! in wafer A to
2.78 cm? V~! 57! in wafer E, a result very likely to be due to
dislocation scattering. Since carrier drift motion is mostly
restricted by traps and defects in the material and that the
p-dopant concentration is identical across different wafers,
the result suggests that the lower mobilities in the longer-
wavelength wafers are caused by carrier scattering at the site
of dislocations..

B. Device characterization

The electrical characteristics of the LED devices fabri-
cated wafers A-E are evaluated. For consistency, these de-
vices are labeled A—E in the order of increasing wavelength.
The current-voltage (I-V) characteristics of the five LEDs are
presented in Fig. 3. The leakage currents of the devices have
been extracted at a reverse bias voltage of 4 V. As the emis-
sion wavelength of the LEDs increases, the leakage currents
also increase from 0.95 mA in device A to 0.98, 0.99, 2.29,
and 4.45 mA in devices B, C, D, and E, respectively. The
slope of the linear region of the I-V curves (in the forward
bias region) has been interpolated to determine the static re-
sistance of the devices. As evident from the I-V plot, the
slope increases as the wavelength increases. The extracted
static resistances are 13.9, 14.2, 23.5, 33.3, and 52.6 () for
devices A-E, respectively. Such monotonic increase in leak-
age current and static resistance can be linked to the increas-
ingly higher defect concentration as the In incorporation in-
creases. The dislocations act as vertical current leakage
pathways, while the defects lead to carrier scattering and thus
higher static resistance and reduced carrier mobility. To
verify these further, noise measurements were conducted to
study the carrier properties.

Low-frequency noise measurement is widely recognized
as an effective tool for characterization of the quality of a
material. Compared to other reliability characterization
methods, noise measurement is more sensitive and contains
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FIG. 4. (Color online) Noise spectrum of LEDs A-E.
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richer information pertaining to device inner quality.

Many researches indicate that low-frequency noise is closely
associated with the impurities and defects in the devices,
such as traps in oxide layer and dislocations in crystal and
interface states.' Low-frequency noises, especially 1/f
noise and generation-recombination noise, are thus deemed
important factors for determining the reliability of a LED.
Since low frequency noise is closely related to the presence
of impurities and defects in the semiconductors, it can accu-
rately represent the internal crystal quality.B_'6 The noise
spectrums of the five LEDs were measured in a shielded
environment and are plotted in Fig. 4. The system floor cali-
bration was conducted for dc bias calculation and noise cor-
rection. The range of frequencies was between 3.15 Hz and
105 kHz, and the measurements were carried out at a con-
stant bias current of 10 mA. The slope can be extracted by
the supplied software automatically. From the figure, both
the magnitude and slope demonstrate a consistent trend with
increasing wavelength.

In an LED or any p-n junction diode structure, the cur-
rent spectral density under low current bias can be expressed
by the following equation:14

4N gl

7= eZE,/kT’ (1)

T,,O'VNz
where N, is the trap density; a larger N, value generally im-
plies poorer crystal quality and increases the magnitude of
the noise spectrum. I, is the diode current through the de-
vice, o the capture cross section, v the thermal velocity de-
termined by the temperature, N, the effective density of
states in the conduction band, and E, the level position of
trap. Also, 7, is the recombination time or carrier lifetime,
which can increase the magnitude of the noise spectrum
when the trap density increases, while the other terms have
their usual meanings.

The measured noise spectrum thus indicates that the
crystal quality deteriorates as the emission wavelength in-
creases from 440 to 550 nm due to the increased noise mag-
nitude, supporting the observation of increased defect den-
sity with increasing In incorporation. Apart from the noise
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FIG. 5. (Color online) 1000 h lifetime degradation test of the five LEDs.

magnitude, it is also observed that the magnitude of the slope
of the noise spectrum increases with increasing wavelength,
which has been indicated in the legend of Fig. 4. This may be
explained in terms of occupation of traps within the semi-
conductor material. As defect density in the InGaN/GaN lay-
ers increases, transitions between traps become more fre-
quent, leading to a reduction in electron mean free time. This
can be deduced from the carrier mobility obtained from Hall
measurement. The hole mobility in the layer p-GaN de-
creases with increasing emission wavelength of the wafer,
which we attributed to increased dislocation densities. These
defects actively trap/detrap the carriers, and also act as scat-
tering centers. Thus, both the majority and minority carrier
lifetimes will decrease in a wafer with higher defect density.
According to Eq. (1), the decreased minority lifetime will
increase the magnitude of noise spectrum. Therefore, as the
frequency increases, these trapped electrons cannot respond
quickly enough and the number of free electron in the crystal
decreases, which subsequently leads to a decrease in the cur-
rent spectral density at that particular frequency. With more
defects in the crystal, the spectrum decreases at a faster rate,
corresponding to an increase in the slope, which is consistent
with our measured data.

The rate at which optical output power degrades is a
direct manifest of device reliability. Figure 5 shows the re-
sults of a 1000 h reliability test, whereby a constant bias
current of 20 mA was applied to the devices. While the 440
nm LED-A maintain ~98% of its initial optical power after
1000 h, the 470 nm LED-B maintains a similar level of 97%
of its initial optical power, and the 520 nm LED-C maintains
~95% of its initial optical power. This percentage drops to
~91% and ~82% for the 540 and 550 nm LEDs, respec-
tively. Assuming linearity, the L70 lifetime [L70 lifetime is
the time to 70% lumen maintenance, as proposed by ASSIST
(Ref. 17)] for LEDs A-E are 15000, 10 000, 6000, 3750,
and 1667 h, respectively. LEDs with increasing wavelength
are therefore expected to have increasingly shorter lifetime.

Increasing In concentration is essential to achieving
longer wavelength emission from InGaN/GaN materials.
Theoretically, the bandgap of this material system can be
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tuned from ~360 nm (for GaN) to ~650 nm (for InN). In-
tuitively, the monolithic integration of MQWSs emitting at the
primary colors is possible, producing a single-chip white
light LED without external color-conversion materials such
as phosphors. However, our study reveals the difficulty of
increasing In concentration beyond a certain threshold. As a
matter of fact, blue (~460 nm) and green (~520 nm)
InGaN/GaN LEDs are most commonly available in the mar-
ket. Devices emitting at longer wavelengths are restricted to
laboratory demonstrations. Based on current epitaxial tech-
nology, knowledge of the material system, and availability of
substrates, it is not feasible to grow InGaN/GaN MQWs with
emission beyond ~540 nm as the defect density rises dras-
tically, degrading optical and electrical performance, and
also long-term reliability. The AlInGaP material system is
definitely more mature for that wavelength range. Neverthe-
less, the target of achieving high performance long wave-
length emission from InGaN/GaN materials may become a
reality with further improvements in material growth, better
understanding of materials physics, and the availability of
lattice-matched substrates. This is particularly so with ad-
vancements in GaN bulk substrate technology.

IV. CONCLUSIONS

In summary, the effects of varying In concentration to
the optical and electrical properties if InGaN/GaN LEDs
have been studied. From the large numbers of parameters
obtained from the materials and devices, a conclusion can be
drawn. The defect density in the material grows significantly
with increasing In ratio, attributed to strain introduced into
the wafer by the dopants. The defects act as nonradiative
recombination centers as well as leakage pathways, resulting
in degraded optical performance, increased resistance, and

J. Appl. Phys. 106, 094507 (2009)

accelerated deterioration rates in the devices. While higher In
ratio in the MQWs can produce LEDs with longer wave-
length and higher photopic response (~555 nm) and thus
highly suited for solid-state lighting, significant progress in
material epitaxy is needed to reduce defect densities in order
to compete with AllnGaP materials in the wavelength range.
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