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Scanning Near-field Optical Microscopy - Photoluminescence

Spectroscopy of InGaN films

The spatial and spectral distribution of
photoluminescence from InGaN films grown
by plasmaassisted molecular-beam epitaxy
are studied by near-field scanning optical
microscopy. The luminescence intensity is
low in the vicinity of pits in the surface that
are believed to be associated with
dislocations. For 20% In, the emission is
random on a submicron length scale, but
clumps into micron-sized regions at 27% In.
The clustering is quantified by calculating
the image entropy. Near-field spectra
indicate that the regions of high intensity
are not due to a local increase in In. Spatial
variations in the luminescence wavelength
indicate that composition fluctuations are
enhanced with increasing In.
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Despite the high density of threading
dislocations, blue and violet light emitting
diodes and laser diodes made of (In)GaN
grown by metal organic chemical vapor
deposition (MOCVD) have a lifetime on the
order of 104 hrs. Molecular-beam epitaxy
(MBE) is an alternative growth technique,
with potential for incorporating more In at
lower growth temperatures. For both
MOCVD- and MBE-grown (In)GaN, some
details of the luminescence mechanism are
still unknown, especially how the structural
and compositional inhomogeneity affect the
optical properties.

Further investigation is still needed to
determine whether threading dislocations
act as non-radiative centers or enhance the
compositional fluctuation. The effect of In
phase separation on the optical properties is
not fully understood. Here we focus on the

spatial and spectral distribution of band edge
photoluminescence (PL) as a function of In
content.

InGa, N films are grown at 600 °C on 2-pym-
thick GaN by using plasma-assisted MBE. The
In concentration is controlled by changing the
temperature of the In-effusion cell during film
growth. We study three films, with In
concentrations of 20%, 24%, and 27%. Film
thicknesses are 150, 300, and 300 nm. Near-
field microscopy is performed with a WiTec
AlphaSNOM, using a tapered aluminized silica
fiber with a ~100 nm aperture. The samples
are excited with the 325 nm line of a HeCd
laser.

Luminescence is collected with a microscope
objective in transmission mode. A band-pass
filter in front of a photomultiplier tube
transmits the band edge emission (400-500
nm) and blocks the yellow emission. Near-
field luminescence spectra are acquired with
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a monochromator and a liquid-nitrogen-
cooled CCD camera.

Figure 1 shows representative NSOM images
of the three samples. The topographicimages
(left column) show pits a few tens of
nanometers in diameter, which are typical of
a dislocation termination point. The number
density increases with [In], as one would
expect from the increased lattice mismatch
with GaN. The topographic images show
micron-sized island-like domains, also due to
the strain relief of lattice mismatch. The depth
of surface modulation due to the domain
formation increases from ~5 nm in the 20%
sample to ~10 nm in the 27% sample. Isolated
peaks in the topography are believed to be In
deposits, a few hundred nm high, which
reduce the luminescence by blocking the
excitation light.

Fig. 1: Near-field images showing that samples with more In have a rougher surface,
and more variation and clustering in the PL intensity. Left column: topography

(10 x 10 ym, 50 nm contrast), middle: normalized real-space PL intensity (+ 3 standard
deviations contrast), right: reciprocal space PL intensity (log scale). Top row: 20% In,

middle: 24% In, bottom: 27% In.
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The spatial variation of luminescence
intensity is associated in part with the
domain boundaries and pits, where the defect
density should be higher.

To show this correlation, the intensity is
plotted vs.the height for corresponding pixels
from images of the 27% sample (Fig. 2). It
clearly indicates that local luminescence is
reduced on the pits and domain boundaries,
both of which are low in height. Other
samples displayed a similar correlation.

The reduction of local luminescence at defect
sites doesn't completely explain the observed
spatial distribution of bandedge
luminescence. In 24% and 27% In samples,
luminescence variation is present even in the
island centers as shown in Fig.1(d)-(h). The
optical contrast increases with [In]: in the
20% sample, the standard deviation of the
intensity is 3.5% of the mean, while in the
27% sample, the standard deviation is 21%.

The other striking feature of the images is
the clustering of the photo-luminescence,
which is most prominent in the 27% sample,
which also has the highest emission. Images
with a similar progression have been recently
obtained from thick GaN films, where the
cathodoluminescence wavelength (rather
than the intensity) varies on a short length
scale for 1-um films, and on a longer length
scale as the thickness increases to 48 pum.

To quantify the clustering of the
photoluminescence in our samples, we
calculate the image entropy (according to
C.H. Chen, Nonlinear Maximum Entropy
Spectral Analysis Methods for Signal
Recognition, (Reserach Studies, Chichester,
England, 1982), p. 3). The entropy depends on
the mean value of the intensity, and the
variance, which are global variables,
independent of the spatial arrangement of

pixels. Therefore, to isolate the clustering
phenomenon, we normalize the images to
have the same mean and variance. The
entropy of the normalized images decreases
with In content, as the luminescence
‘organizes' into clusters (Fig. 3).

An alternative measure of the clustering is
the space-bandwidth product (SBP) of the
image. The size, in pixels, of all four real-space
images is 2562. We take the bandwidth (size
of the reciprocal-space images) to be the
FWHM, in pixels, of the radial distribution.
The SBP decreases with In content (Fig. 3),
following closely the image entropy. The
correspondence would be exact if the higher
order statistics for all images were identical,
not only the mean and variance. For
comparison, the entropy and SBP of the
random image are shown by the horizontal
line. The bandwidth of a random image is
taken to be ~642 pixels, determined by the
point at which the power spectrum of the
NSOM images reaches the noise level, to
match the spatial resolution of the NSOM
images (~156 nm), rather than the actual real-

Fig. 2: Plot showing a strong correlation between local
height and band edge luminescence intensity obtained
from the 27% In sample. Points with a local height
below 20 nm correspond to pits and domain boundaries.
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space pixel size (39 nm).

The aforementioned quantitative image
analysis done above is only meaningful if the
images are large enough to represent the
whole sample. As a test, we repeated the
entropy and SBP calculations on each
quadrant, and multiplied the results by four.
The error bars represent the standard
deviation of the four test calculations, and are
less than the differences between samples.
Therefore, we believe that entropy and SBP,
calculated for ~100 pmz2 regions, will be useful
in comparing samples grown under different
conditions, because of the important
correlation with luminescence intensity.

If carrier diffusion into regions of high [In]
causes the luminescence clustering, the
emission from bright regions should be red-
shifted. However, near-field PL spectra from
samples B and C do not show this trend. Our
PLand TEM studies of InGaN quantum wells
show high luminescence in regions free of
dislocations, due to a gettering process, and
we believe that a similar mechanism is
operative in the InGaN films studied here.

Fig. 3: Entropy and space-bandwidth product vs In
concentration, calculated to quantify the PL clustering in
Fig.1.
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