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Abstract. Micro-photoluminescence maps reveal micron-scale spatial variation in
intensity, peak emission energy and bandwidth across InGaN/GaN quantum wells. To
investigate the effect of this spatial variation on measurements of the dependence of
emission efficiency on carrier density, excitation power-dependent emission was
collected from a bright and dark region on each of blue- and green emitting samples.
The onset of efficiency droop was found to occur at a greater carrier density in the
dark regions than in the bright, by factors of 1.2 and 1.8 in the blue and green-emitting
samples, respectively. By spatially integrating the emission from progressively larger
areas, it is also shown that collection areas greater than ~50 m in diameter are
required to reduce the intensity variation to less than 10%.

1. Introduction
InGaN/GaN quantum well (QW) structures are widely used as active regions in light
emitting diodes (LEDs) for solid-state lighting and large area displays due to the high internal
quantum efficiencies attainable at room temperature [1]. However, above an onset value, the
internal quantum efficiency decreases with increasing carrier density. Several explanations for
this phenomenon, known as ‘droop’, have been proposed, including: Auger recombination [2],
defect-assisted Auger recombination [3], carrier escape [4], and the saturation of localization
sites [5]. Distinguishing between these possibilities requires reliable measurements of the
carrier densities corresponding to droop onset in QW samples differing in density of both
defects and localization sites, the latter varying with In concentration. The onset of droop is
typically determined by measuring the spectrally-integrated photoluminescence (PL) intensity
as a function of excitation power. Because the excited carrier density needed to obtain droop
is high (typically ~1012 cm−2 QW −1 [6]), a tightly-focussed laser spot with a diameter of a
few microns is typically used. Additionally, light should be collected just from the central
region of the excitation spot to ensure uniform excitation densities, i.e. well-defined carrier
densities [7].
The spatial variation of the emission properties in InGaN/GaN QWs and LEDs has been
previously studied using near-field scanning optical microscopy (NSOM) [8,9] and confocal
scanning laser microscopy (CSLM) [10–12] in structures emitting across the entire visible
spectrum. These reports show that micron and sub-micron scale variations and trends in the
emission intensity, wavelength and bandwidth are different depending on the emission energy,
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and can be caused by the presence of defects such as V-pits, dislocations and Ga vacancyimpurity complexes. In addition, these variations are also attributed to the combined effects
of the band-tail filling of localization sites and the quantum confinement Stark effect (QCSE),
depending on indium content and carrier density, all of which can also affect the macroscopic
optical properties.
Here, we study the variation of the intensity, peak energy, and bandwidth of PL emission
on the micron-scale in the plane of the QWs. We show that if the collection region is too small,
this variation can affect the measured excitation power corresponding to the onset of droop
such that different values are obtained at different positions on the wafer. We determine the
minimum collection spot size such that averaging over the micron-scale variation in PL gives,
to within a certain precision, reproducible droop measurements across the sample. This
enables meaningful comparisons between samples with different defect densities or In
contents.
2. Methods
2.1. Sample growth.
The growth of the samples used in this study was via metal organic chemical vapor deposition
(MOCVD) and has been previously reported elsewhere [13] and so is only briefly summarized
here. Blue and green emitting InGaN/GaN multiple quantum well (MQW) samples were
grown in a 6×2 in. Thomas Swan close-coupled showerhead reactor using trimethylindium
(TMI), trimethylgallium (TMG), and ammonia (NH3) as precursors and nitrogen as the carrier
gas; the reactor pressure was 300 Torr. Growth was on GaN pseudo-substrates, which
consisted of about 4 μm of GaN on (0001) sapphire substrates. The two temperature (2T)
growth method [14] was used, with the QW regions grown at 730 ℃ and 706 ℃ for the blue
and green devices, referred to as B730 and G706 from hereon in. The nominal thicknesses of
the InGaN QWs and GaN barriers were 3 nm and 7 nm, respectively; 10 and 5 QWs were
grown for the blue- and green-emitting samples, respectively. The indium content was
estimated to be 10% and 17% for B730 and G706, respectively [14].
2.2. Microphotoluminescence characterization.
The microphotoluminescence (μPL) system used to study the spatial variation in the emission
properties of these samples at room temperature has also been previously reported [15]. In
brief, the output of a pulsed (∼170 fs pulse duration) Ti:Sapphire (Coherent, RegA 9000) laser
source at a repetition rate of 100 kHz was frequency doubled (using a PHOTOP TP-2000B
doubler and a 400 nm bandpass filter) to generate a pure excitation wavelength of 400 nm.
The spot size at the sample position was measured to be 20 μm after defocusing with an
objective lens, however, luminescence was collected from a spot of only 1.5 μm at the centre
of the excitation area to ensure that data is collected only from a region of uniform excitation
and hence of well-defined carrier densities. The sample was placed on a computer-controlled
translation stage allowing the position of the sample relative to the excitation spot to be
changed in three dimensions. The position of the sample in the plane of the excitation was
changed incrementally in steps of 1.5 μm in both the x and y directions to create a 67×67
square grid of ~100×100 μm2 in size. In addition, the height of the stage was adjusted to
account for any slight tilting of the samples so that at each point on the grid the excitation spot
was the same size.
The light emitted by the sample was collected by an optic fibre and directed into a
spectrometer (Ocean Optics, QE65000) after passing through a long pass filter to eliminate
scattered light from the source. An emission spectrum was taken at each point and its
coordinates were recorded. The laser fluence was varied with a neutral density (ND) filter
wheel and measured by a power meter to produce three maps over the same area on each
sample, one at each of three different excitation powers, corresponding to excitation densities
of: 12, 41 and 130 μJ cm-2 pulse-1. These excitation densities were chosen to correspond to the
three distinct regions of a typical efficiency droop curve [16]: the initial rise in efficiency with
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increasing excitation power at low powers, the plateau region where the curve begins to flatten
off, and the droop in efficiency at high excitation densities.
The variation in the behaviour of the power-dependent PL properties between areas of high
and low emission intensity was also investigated. To identify regions of high and low
brightness within the area mapped, the spectrally-integrated PL intensity was calculated from
the spectra obtained at each point. The stage was then moved back to the x, y and z coordinates
recorded for points corresponding to the identified bright and dim regions. Power-dependent
PL spectra were obtained using the same setup and a ND filter wheel was used to vary the
excitation power between 9 and 245 μJ cm-2 pulse-1 (which, using an absorption coefficient of
3 × 104 cm−1 [17], correspond to estimated carrier densities ranging from 1.6 × 1011 to
4.3 × 1012 carriers cm-2 QW-1 pulse-1). In this way, power-dependent PL spectra extending
into the efficiency droop regime were measured at points corresponding to a bright and a dark
region on each sample.
3. Results & Discussion
The micro-PL maps reveal spatial variation on the order of 10s of μm in the emission across
both the green and blue-emitting samples. In Figure 1, maps of spectrally-integrated intensity,
normalised to the average value, across sample B730 taken at low (a) and at high (b) excitation
power densities show that this intensity variation decreases as excitation power is increased.
This effect is more noticeable for sample G706: comparison of the low (e) and high (f) power
intensity maps show that the variation seen at low power almost completely disappears when
the power is increased, except for in a small area in the lower right corner of both maps. The
maps of the peak emission energy and bandwidth taken at low power across the blue (c & d)
and green (g & h) samples show clear correlation to the patterns of variation seen in the
corresponding intensity maps. The maps for both samples show that regions of higher energy
emission correspond to regions of broader linewidth. The correlation between peak energy
and integrated intensity, however, is opposite in the two samples: in B730 the correlation
is negative, while in G706 the correlation is positive. The reason for this difference in
behaviour between green and blue samples is not yet established and is the subject of
further investigation.
In order to investigate the effect of this spatial variation on droop measurements, the
dependence of emission efficiency (i.e. spectrally-integrated intensity normalised by carrier
density) on carrier density was obtained in both a bright and dark region on each sample, as
shown in Figure 2. For B730, the difference in efficiency between the bright and dark regions
decreases steadily from 25% to 10% as the carrier density increases from 1.6 × 1011 to
4.3 × 1012 carriers cm-2 QW-1 pulse-1. However, for G706 the efficiency difference is about
20% initially, but disappears by the time the carrier density reaches 2 × 1012 carriers cm-2
QW-1 pulse-1. For both samples, the onset of droop in the dark patches occurs at a higher carrier
density than in the bright. For B730, the curve corresponding to a dark region begins to droop
at a carrier density ~1.2 × higher than the curve for the bright region, while for G706 the
difference is larger, with the onset of droop differing by a factor of 1.8 between bright and
dark regions.
One possible explanation for this behaviour is that there is a higher density of extended
defects in the dark regions. In [18], Schubert et al suggest that InGaN/GaN LEDs with high
dislocation densities have a lower peak efficiency but shallower droop than those with lower
dislocation densities. They propose that higher dislocation densities correspond to a decrease
in non-radiative recombination lifetime at low currents, leading to a reduced carrier density
[18]. The dark regions on our maps could therefore correspond to regions of higher dislocation
density. The convergence of the integrated intensity curves in the droop regime could then be
due to a shallower droop and lower peak in the dark regions.
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Figure 1 – Micro-PL maps of intensity, peak energy and FWHM for the blue (a to d) and green (e to h) samples.
The change in the intensity maps between high (a & e) and low (b & f) power densities is also shown for both
samples.

It is also possible that spatial variation comes from regions of differing well width
fluctuation (WWF) density. Oliver et al show in [14] that InGaN/GaN multiple QWs exhibit
higher peak electroluminesence efficiencies when WWFs are present, possibly because the
activation energy for defect-related non-radiative recombination is higher for carriers localised
at WWFs. They [14] also show that the peak intensity occurs at lower carrier densities if
WWFs are present and that the IQE curves from samples with and without WWFs begin to
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converge at high current densities. The bright regions in our maps could therefore correspond
to regions of increased WWF density.

Figure 2 - Excitation power dependence of integrated PL intensity, in bright and dark spots on samples B730
(left) and G706 (right). The curves are normalised to the maximum value in each bright region. The vertical
dotted lines indicate the onset of droop.

To quantify the extent by which photoluminescence measurements taken at different
positions across the samples could vary for different collection areas, the maximum variation
in peak emission energy and spectrally-integrated intensity between any two positions is
investigated. This was done by finding the largest difference between any two points on the
peak energy and integrated intensity graphs when averaging over different sized areas,
corresponding to different collection spot sizes. The results are shown in Figure 3 for low,
high and medium excitation powers of 12, 41 and 130 μJ cm-2 pulse-1.

Figure 3 - The maximum difference in peak energy (left) and intensity (right) measured at each excitation power
between different positions on the PL maps when averaging over varying detection spot sizes.

For both samples, the maximum variation in peak energy increases with increasing
excitation power and decreases with increasing collection spot size. With a collection spot size
of 4 μm, the maximum variation in peak energy is between 25 meV and 30 meV for B730 and
between 9 meV and 18 meV for G706. The maximum variation in integrated intensity
similarly decreases with increasing collection spot size, but also decreases with increasing
excitation power. For spot sizes less than 25 μm, the curves for G706 deviate from this trend
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and converge due to the persistent presence of the dark region shown in the lower right corner
of Figures 1e & 1f. The maximum variation in intensity with a collection spot size of 4 μm is
between 16 % and 24 % in B730 and 40 % in G706. The variation drops below ~ 10 % for
detection spot sizes greater than 50 μm at all excitation levels.
To investigate how the spread of variation in intensity between any two positions across
each sample compares to the maximum variation, boxplots indicating the interquartile ranges
when averaging over spot sizes of 4 μm and 50 μm are shown in Figure 4. The 99th percentiles
are indicated by horizontal lines, with points outside this range in red.
m

m

m

m

Figure 4 – Boxplots showing the interquartile ranges (boxes), medians (horizontal lines within boxes) and ranges
(vertical lines) of intensity variation for B730 (top) and G706 (bottom) when averaging over spot sizes of 4 𝜇𝑚
and 50 𝜇𝑚. The 99th percentiles are indicated by horizontal lines, with points outside this range in red.

In B730, the 99th percentile, while up to 10% below the maximum variation, follows the
same trend as in Figure 3 – decreasing with increasing excitation power – for both spot sizes.
The upper quartile, however, drops between low and medium power, but then remains
constant. In G706, both the upper quartile and 99th percentile decrease as excitation power
increases for a 50 μm spot size, while for 4 μm, only the upper quartile shows this trend. The
outliers extend much further (~ 25%) beyond the 99th percentile for the smaller spot size in
G706 than in B730, while the extension is similar in both samples (~ 2%) for the larger spot
size. This suggests that the dark feature in the lower right corner of Figures 1e & 1f effects the
maximum intensity variation much more for smaller spot sizes, perhaps explaining the
deviation below 25 μm of G706 in Figure 3 from the trend of decreasing variation with
increasing detection spot size.
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4. Summary & Conclusions
Micro-PL maps show spatial variation on length scales of ~10s of μm in the integrated
intensity, peak emission energy and FWHM across green and blue-emitting InGaN/GaN QW
samples. The spatial variation in PL intensity decreases as excitation power density is
increased. The maximum difference in measured intensity between any two positions on the
maps decreases as collection spot size increases such that the variation only falls below ~ 10%
at all excitation densities for a spot size of more than 50 μm. For a spot size of 4 μm, the 99th
percentile of intensity variation is less than 20%, but even within the randomly selected
100×100 μm2 area, there were some outlier points that corresponded to 40% variation. If a
small collection spot is used, then this variation within samples could be an important
consideration when comparing PL measurements taken on different samples, especially if
such measurements differ by less than ~ 40 %.
Excitation power dependent PL shows that the conversion efficiencies measured in bright
and dark regions begin to converge as excited carrier density increases into the droop regime,
but that the onset of droop can occur at an excited carrier density 1.8 × higher in dark regions
than in bright. It may therefore be the case that the size of the detection spot used in droop
measurements should be an important consideration if reproducible results are to be obtained.
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