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GaN/InGaN light emitting diodes (LEDs) are commercialized for lighting
applications because of the cost efficient way that they produce light of high
brightness'’. Nevertheless, there is significant room for improving their external
emission efficiency’ from typical values below 10%* to more than 50%°, which are
obtainable by use of other materials systems that, however, do not cover the visible
spectrum. In particular, green-light emitting diodes fall short in this respect'”,
which is troublesome since the human eye is most sensitive in this spectral range. In
this letter advanced electron microscopy is used to characterize indium segregation
in InGaN quantum wells of high-brightness, green LEDs (with external quantum
efficiency as high as 15% at 75 A/cm?®). Our investigations reveal the presence of 1-3
nm wide indium rich clusters in these devices with indium concentrations as large as
0.30-0.40 that narrow the band gap locally to energies as small as 2.65 eV.

The electronically active region of green LEDs typically consists of stacked, few
nm wide InyGa, (N (x ~ 0.2) quantum wells that are sandwiched between p- and n-doped
GaN. The photon emission energy and external device efficiency depend on the device
architecture, the fraction x of In atoms substituting Ga sites in the quantum wells, the
quantum well width, and the homogeneity of the indium distribution in the well"*%’,
Parameters such as well width, device architecture, or the average In content can be
optimized relatively well to enhance efficiencies for a particular emission wavelength.
The homogeneity of the indium distribution, on the other hand, is widely debated®’ and it
was argued that a miscibility gap limits the In solubility in GaN® leading to local
segregation and the formation of “dot-like” structures within quantum wells®’. In fact, it

is uncertain how device efficiencies are affected by a particular indium distribution.



This uncertainty arises from the limited experimental ability to map the indium
concentration at atomic resolution and to link this information to the electronic structure
in devices. Electron microscopy is a most suitable tool for this purpose and addressed
this issue with some success in the past”™'®. In this letter, we utilize advanced microscopy
techniques to investigate the indium distribution in commercially available devices. We
demonstrate for the first time that an unusually high external quantum efficiency of 15%
at a drive current density of 75 A/cm’ can be obtained from samples that exhibit a
quantified amount of local indium segregation and band gap variation.

Electron transparent samples were prepared site specific from these devices by a
focused ion beam method. It is essential to control preparation and radiation induced
damage in such experiments'' that we addressed by optimizing the sample preparation
process and by minimizing exposure to the electron beam'?. Figure 1 shows dark-field
electron micrographs of the active LED region in the [1120] zone axis orientation at
medium and high resolution. The contrast difference between indium (Z=49) and gallium

1314 and indium-rich clusters in the

(Z=31) is generated by an atomic number Z contrast
quantum wells with sizes in the range of 1-3 nm are seen. The presence of such “quantum
dot-like” structure was discussed before”'>'® but rarely linked to commercial device
performance and never quantified in terms of absolute local indium concentration
together with band gap variation.

*17 However, a

A visualization of these clusters by Z-contrast imaging is suitable
quantification of the indium concentration from Z-contrast images is currently hardly

possible'®. Therefore, we utilize lattice images recorded in a high voltage electron

microscope to determine absolute local In concentration in the quantum wells. The



applied method maps the local indium concentration by extracting local distortion of
single unit cells (0.5 x 0.3 nm?) that directly relate to the substitution of the gallium atoms
by the larger indium atoms. These extractable distortions were calibrated to provide
absolute values for local indium concentrations'®,

The Figure 2 shows both, a displacement map as well as an averaged profile. The
average expansion of the c lattice parameter inside the quantum well reaches 4% and
relates to an indium fraction x = 0.17 = 0.01 in good agreement with the nominal In
concentration of x = 0.20. Green light is emitted at a wavelength of about 530 nm from
this well with 3.5 + 0.5 nm of average width. The lower interface is seen to be more
abrupt than the upper one, which reflects the growth direction that points from bottom to
top in this picture. The effect has been reported before'”". Furthermore, the indium map
in Fig. 2c reveals significant local unit cell size fluctuations reaching 8% that corresponds
to a local indium fraction x of 0.30 - 0.40. A diameter of 1-3 nm of these indium-rich
domains compares well with the dark-field observation and it is seen that local indium
enrichment is accompanied by indium depletion from the surrounding area.

Structural and compositional information extracted from the electron micrographs
can be combined with spatially resolved band gap information by applying high energy-
resolution valence electron energy loss spectroscopy (VEELS)™?. In our experiments, a
beam size of ~ Inm was combined with an energy resolution of better than 200 meV that
allows probing the InGaN band gap locally.

Figure 3a shows two VEEL spectra taken from the GaN barrier (solid line) and
inside the InGaN quantum well (open circles). The intensity onsets around 3 eV

correspond to the band gap signals. Plasmon excitation peaks at 19.2 + 0.1 eV for GaN



and 18.6 = 0.1 eV for InGaN agree with previous studies®. The position of the plasmon
peak in the InGaN QW can be related to an In content x between 0.15 and 0.20%, which
matches with our estimated averaged In content derived from HRTEM (x ~0.17).

In Fig. 3b three low-loss spectra from different GaN barrier regions confirm the
reproducibility and reliability of the local VEELS measurements since the observed
variations are marginal (< 0.02 eV). Fig. 3c identifies the direct band gap of hexagonal
GaN with an energy E, of 3.30 £ 0.10 eV by fitting an expected power law (E—Eg)o'5
(dashed line) to the data®?. The result agrees with literature data 3.3 eV* and 3.35 eV>.
Stepping the electron probe along the centre of the quantum wells and measuring low-
loss spectra reveal a variation of the band gap energy Eg inside the quantum wells. Two
examples are shown in Fig. 3d and 3e, which illustrate band gap variations along the
length of the quantum wells. For example, we find dominant band gap energies of 2.90
eV and 3.15 eV, respectively, in these cases. Moreover, a less dominant transition at 2.65
eV is superimposed. Considering the InyGa, 4N band gap bowing parameter from data of
bulk materials®, the 2.90 eV and 3.15 eV onsets correspond to an In content x of 0.25 and
0.14, respectively. The second, less intense onset at E,=2.65eV suggests the simultaneous
presence of clusters with an indium concentration as large as x ~ 0.38.

All extracted local InyGa, 4N band gap data are plotted in Figure 4 and compared
with a Poisson distribution (dashed line). The peak of the distribution is at E, ~ 3.13 eV,
with a variance of 0.10 eV. These data suggest an average In content of x ~ 0.15 and a
fluctuation Ax = + 0.04 in excellent agreement with the result of the strain analysis.

In conclusion, we find that the indium distribution inside a high-brightness

GaN/InGaN green-light LED is not homogeneous. Instead, indium is enriched in clusters



of 1-3 nm size and depleted around them. This inhomogeneity can be quantified by local
strain measurements and by local variations of the InGaN band gap that we demonstrate
here for the first time. It has been argued that a miscibility gap in the InN-GaN system
favours the indium segregation. Consequently, details of the segregation process must
critically depend on the growth process. It was suggested before that the growth
procedure is essential for the performance of such a device"*". Our results are consistent
with a model that describes local band gap minima as dominant, local recombination
centres'®, thereby suppressing non-radiative recombination at dislocations that are present

in high density (2-10x10" cm™) in these devices”.



Methods

SAMPLE PREPARATION

Commercially available InGaN/GaN green-light LEDs grown by low-pressure metal-
organic chemical vapour deposition are investigated. Samples were prepared site-specific
from the active device area utilizing a focused ion beam (FIB) process. A sub sequential
wet etching procedure with a 25% KOH aqueous solution'’ was applied that removes the

sidewall damage provoked by the bombardment of the specimen with heavy Ga* ions

(details in ref. 12).

ELECTRON MICROSCOPY AND IMAGE ANALYSES

Z-contrast images were recorded in two microscopes. Medium resolution Annular-Dark-
Field TEM images were obtained with a CM300 FEG/UT transmission electron
microscope operating at 150kV'*. This method used an annular dark field aperture in the
back focal plane of the objective lens to produce a Z-contrast image. Atomic resolution
Z-contrast imaging (or high-angle annular dark-field scanning transmission electron
microscopy, HAADF-STEM) was performed using a monochromated FEI Tecnai F20
UT microscope that operates at 200keV and allows for focusing of the electron beam to a
0.14 nm wide spot. The attached monochromator enables reducing the energy spread of
the zero-loss peak to values below 200 meV>**, which is essential for the recording of
low loss spectra (VEELS).

High-resolution lattice images were recorded with the Berkeley Atomic Resolution
Microscope (ARM) operated at 800keV. Utilization of high electron energy allows

penetrating samples of thickness t that is much larger than the quantum well width w (t >



10w). Therefore, thin-foil relaxation in the TEM samples can neglected, which is crucial
for a reproducible extraction of local displacements.

Intensity maxima in lattice images were determined by fitting of model functions that
pinpoint the position of intensity maxima to a precision of 0.1 pixel (2 pm). The resulting
positions relate to the crystal structure and can be used to locally measure the size of each

unit cell. This information is converted to produce maps of local displacements™.
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Figure legends:

Figure 1

Annular dark-field (scanning) transmission electron micrographs of InGaN quantum
wells in the active LED region;

(a) ADF-TEM image

(b) Z-contrast micrographs (HAADF-STEM), (left) in grey scale and (right) in false

colour code.

Figure 2

(a) HRTEM lattice image of an InGaN quantum well. Areas (indicated by arrows) show
local large expansion of the lattice inside the quantum well (defects);

(b) Strain analysis: average strain measured in (a);

(c) 2D strain map - taken from (a) - indicating strain fluctuations (green-yellow) inside

the quantum well and particularly large strain inside the defects (>8%, red).

Figure 3

High energy-resolution VEEL spectra;

(a) Low-loss region of a GaN matrix spectrum (solid line) and of an InGaN quantum well
spectrum (open circles);

(b) Three different GaN spectra; (c) one GaN spectrum (solid line) with a power law fit
(dashed line); (d), (e) two spectra taken in the InGaN quantum wells (open circles) with

power law fits (dashed lines).
Figure 4

Summary of all in our experiment measured energies of the band gap inside the InGaN

quantum wells (solid line), fitted with a Poisson distribution (dashed line).
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Figure 1/ Joerg R. Jinschek
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Figure 2 / Joerg R. Jinschek
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Figure 3 / Joerg R. Jinschek
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Figure 4 / Joerg R. Jinschek
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