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Abstract

The microstructure of green-emitting InGaN/GaN._quantum well (QW) samples grown at
different temperatures was studied using cross-sectionstanning transmission electron
microscopy (STEM) and plan-view cathodoluminescence (CL). The sample with the lowest
InGaN growth temperature exhibits microscale variations in the CL intensity across the sample
surface. Using STEM analysis of such areas; the observed darker patches do not correspond to
any observable extended defect. Instead, they are related to changes in the extent of gross-well
width fluctuations in the QWs, with.more brightly emitting regions exhibiting a high density
of such fluctuations, whilst dimmer regions were seen to have InGaN QWs with a more

uniform thickness. N

Introduction

Conventional green. LEDs combine blue/ultra-violet LEDs and phosphor wavelength
converters, and emit green light via fluorescence processes. There are many advantages of this
approach.such as good stability and competitive pricing. However, the importance of achieving
efficient green GaN-based LEDs without the use of wavelength converters has become higher
in recent years; driven by increasing demand in a broad range of applications such as micro-
LED, displays [1] [2], high frequency visible light communication [3], compact lensless
microscopes [4], high resolution optogenetic applications [5] etc. Therefore, an enhancement

of the performance of green LEDs is of interest to both the industrial and research communities.
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High-brightness green LEDs usually contain InGaN quantum wells (QWSs) with high indium
content, dependent on QW thickness. For 2 nm QWs, an indium content higher than 18% [6]
is required. High indium fractions can be achieved by decreasing the InGaN ‘growth
temperature or by increasing the relative flux of the Indium precursor or a combination‘ofboth.

To understand the impact of InGaN growth temperatures on the optical properties, Hammersley
et al. [7] studied three blue and three green multiple QW (MQW) samples grown.at different
QW growth temperatures by photoluminescence (PL). For each set of samples, a reduction in
the growth temperature was compensated by a decrease in the In-precursor flowsin order to
keep the InGaN composition as well as the photoluminescence peak.emission constant. The
QW growth temperature, the indium precursor flow rate, the average sample indium content
(across the full well-barrier repeat), the peak emission energies,and the internal quantum
efficiency (IQE) values at 400 W cm excitation power areghown in Table 1. They observed
lower IQE values with reduced QW growth temperatures for these samples. PL decay transients
measured at low temperature indicated that the radiative lifetime within each set of samples
was almost unaffected by growth temperature, but transients measured at 300 K showed faster
decay rates for samples grown at lower QW.growth temperatures. Hammersley et al. ascribed

the faster decays observed at 300K to an increased. rate of non-radiative recombination.

Table 1 Sample series examined by'Hammersley et al. [7]. The same samples are studied

in this paper.

sample QW growth TMLflow Incontent  Peak emission IQE
temperature (°C) N (sccm) (%) energy (eV) (arb. u.)

Green 1 716 120 51+05 2.40 0.33

Green 2 706 60 5.2+05 2.37 0.28

Green 3 698 43 51+05 2.36 0.22

In this work,/we have studied the microstructures of green MQW samples grown by the same
conditions.as those .studied by Hammersley et al. using scanning transmission electron
microscopy (STEM) and cathodoluminescence (CL) techniques. A non-uniform CL emission
intensity is observed on the sample surface, showing micron-size regions with weak emission
intensities, the density of which is affected by the QW growth temperature. Similar emission
property has been seen in CL and electroluminescence (EL) characterisations on LED devices
by Wallace et al. [8]. Submicron-scale spatial inhomogeneities of the optical properties of high
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indium content LEDs were also observed in confocal micro-PL images by Okamoto et al. [9].
Such emission inhomogeneity implies local variations in the IQE of the MQW samples, which

would influence the performance of related LED devices.

The STEM characterisation in this work demonstrates that regions with weaker/emission
intensities are associated with a smaller local density of gross well width fluctuations
(GWWEFs). For both blue [10] and green [11] LEDs, GWWFs have been suggested.to improve
the device performance. This article evaluates the connection amongithe QW growth
temperatures, the distribution of GWWFs, and the 1QE of green InGaN.QWSs, which provides

an important insight into methods for improving green LED performance.
~

Experimental methods

We refer the reader to reference [7] for sample details, but note.some specific points here: The
conditions used for the QW growth in this article are'common for the growth of the active
region of green LED devices [12] [13] [11]. Though ther InGaN QWs were grown at
temperatures stated in Table 1, quantum barriers were grown at a higher temperature. The
advantages of this two-temperature growth method.are discussed in reference [10]. The sample
structure ends with the last GaN barrier, leaving the fast QW about 10 nm below the sample

surface.

Atomic force microscopy (AFM) analysis was carried out using a Veeco Dimension 3100 in
tapping mode. The optical properties were studied by a FEI XL30 field-emission gun —
scanning electron microscope (SEM), operated with a beam energy of 3 keV, connected to a
Gatan MonoCL CL system. AFEI Tecnai Osiris was used for STEM structural analysis at 200
kV. The beam current.and the exposure time used were 100 pA and 3 ps. The STEM specimen
was prepared using'a FEI Helios NanoLabTM focussed ion beam (FIB) by an in-situ lift-out
method using Ga'ions accelerated at 30 kV followed by 5 kV surface treatment. The specimen
was flat with‘a thickness.of about 100 nm. There was no observable electron-beam damage

throughout the experiment.

A multi-microscopy sample preparation method [14] was required for this study because the
STEM specimen needs to be made at an appropriate location with a boundary between a bright

and a dark/patch in specimen position which can be identified in the STEM to allow any
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structural differences to be correlated with the CL data. The necessary experimental steps are

as follows:

1. Deposit a gold pattern to mark reference positions on the sample using a standard .optical
lithography process.

2. Locate a dark patch in CL near a specific gold patch and identify the position of the boundary

of the dark patch in the relevant secondary electron (SE) image in relation tohe gold patch.
3. Perform a line-scan measurement (see Figure 5) centred at the CL dark patch:boundary.

4. Take an AFM scan at approximately the same area. The AFM data contains more accurate
topographical information than the SE images and will be used to correlate surface features
with features found in STEM images later. AFM images also allow us to identify the direction
of atomic terraces. According to Jouvet et al. [15], troughs in . the QWS tend to align along the
same direction as the surface terrace edges, which for our'sample.means parallel to [11-20].
TEM lamella should then be made such that their FIB=prepared surfaces are perpendicular to
this direction. Imaging in the [11-20] zone axis then allowi study of the gross-well width

fluctuations in STEM without problems from projection effects.

5. Locate the region previously line-scanned by the SE in the FIB and prepare a STEM lamella
using the method described in [14]. The dark pateh boundary is marked by a thicker protective
Pt deposition.

6. Make STEM observations on-dislocations and compare with the AFM surface profile to
check the exact specimen location on the sample.
N

Results and Discussion

To examine the moarphology of the QW samples, three 5 um x 5 um AFM scans are taken on
every sample. Figure.1 shows the examples of them. All sample surfaces are smooth with root
mean squared (RMS) roughness below 2 nm. Atomic bilayer steps can be seen across much of
the surface of every/sample and black spots are seen related to surface pits caused by the
termination of threading dislocations (TDs). Such surface pits, known as V-pits or V-defects
areccommonlyfound in InGaN MQWs [16] [17]. In the growth of LEDs, these pits are often
filled.in during the deposition of the p-cap, resulting in devices with reasonable performance
[18] [19]. V-pits often have {10-11} facet as sidewalls, and QWs formed on these sidewalls

typically have smaller thickness and indium concentration than the surrounding c-plane QWs
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[16] [17]. Such {10-11} QWs can therefore act as energy barriers suppressing the lateral
transportation of the carriers to dislocation cores. This self-screening behaviour at V-pits is one
of the mechanisms which has been suggested to make nitride LEDs tolerant of a high
of TDs.

pixels in the image.

To further quantify the effect of TDs, the

: 99.75
Iz
D 6 1 " 1 L 1 " 1 "
700 705 710 715 720
QW growth temperatuer (°C)
Figu he density of dislocations against QW growth temperatures for the MQW
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Figure 3 CL images of the MQW samples taken from the surface. The QW growth

temperature (T) is stated on the image.
~

clusters and the average number of TDs within a cluster is counted manually. The TD density
of each sample is then calculated from the product of the number of.clusters and the average
number of TDs within a cluster, meaning that both factors contribute to the large errors on the

TD density. The resulting data on the density of the TDs is summarized in Figure 2.

The MQW samples have more than twice the TD densities of the pseudo-substrates. This
difference in TD density may potentially be attributed to misﬁt dislocations (MDs) generated
as a consequence of strain relaxation in the QWSs [21]."MDs can be associated with (a+c)-type
dislocations [22], which are additional TDs (2TDs perMD) in the QWSs, and eventually lead to
additional TD pits in the sample surface. A correlation between the dislocation density and the
QW growth temperature cannot be observed.from Figure 2. TD density alone is therefore
unlikely to be responsible for the-observed change in the non-radiative recombination rates
with QW growth temperature [7].

Dark patch

.

Dislacations ’

Figure 4(a) CL image taken on the sample grown at 698 °C and (b) SE image taken on
the 'same position of (a). Example dislocations are enclosed in the red circles and an

example dark patch is highlighted by the yellow curve.
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In order to study the emission characteristics and defects at a microscopic scale, SEM-CL is
used to examine the sample surfaces. Examples of the CL images of the MQW samples are

shown in Figure 3.

The CL images of the samples become increasingly patchy as the QW growth temperature
drops. Micrometer-sized dark patches were observed in all samples but particularly well-
defined in the CL images of the sample with the lowest QW growth temperature (698 °C).
Overall, the size of the dark patches, and the difference between the brightness of the light and
dark regions increases as growth temperature decreases. Figure 4(a) highlights the CL emission
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Figure 5 (a) The'peak.emission amplitude and (b) the peak emission wavelength obtained

from a CL line‘scan performed on the sample grown at 698 °C across a dark patch

boundary. Two fitting examples of the dark patch and the bright area are show in (c) and

(d), respectively. The dark patch boundary is marked by the green lines. There are two

large blue-shift peaks within the dark patch which are related with nearby dislocations.

Disregarding the regions near TDs, the average emission amplitudes and wavelengths of

the dark patch and the bright area are indicated by red dotted lines.
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of the sample with the lowest QW growth temperature from a typical dark patch (outlined in
yellow) and also indicates examples of dark spots related to dislocations outside of the dark
patch (circled in red). Figure 4(b) is the corresponding SE image taken at the same position. It
should be noted that a large portion of the dark patch cannot be associated with any (cluster. of)

TDs seen in the SE image.

Spectral information comparing the dark patches and the bright areas can be ebtained by
recording CL spectra at multiple points along a line (a ‘line scan’), actoss a dark’ patch
boundary. Gaussian fits are applied over emission wavelengths from 490 to 590 .am and are
fitted using the in-build function “Gaussian Fit” function in Digital Micrograph. Peak emission
amplitude and peak emission wavelength can be extracted from the Gaussian fits. Figure 5(a)
and 5(b) are the peak emission amplitude profile and the peak emission wavelength profile of
a typical CL line scan across the dark patch boundary. Twao.fitting examples taken from the
dark patch and the bright area, respectively, are shown n Figure:5(c) and 5(d). Though the
position of the line scan is chosen to be having as few<TDs as possible, the strain fields of two
nearby TDs in the dark patch still affect the emission wavelength locally. The average emission
amplitudes and wavelengths of the bright area and the dark patch, disregarding the regions near

MQW

Dark patch boundary

Height (nm)

Distance (um)
Figure 6 (a) The/CL.«mage taken in step 2. The line-scan position is highlighted by the
yellow lines(b) The/AFM profile corresponding to the line-scan position extracted from
the AFM image taken in step 4. (c) The overview STEM HAADF image taken in step 6.
Dislocationstin (c) are matching with the dislocation pits found in (b). The dark patch
boundary found in step 3 is marked by thicker Pt deposition on the sample surface,
which is highlighted by the green arrow.
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TDs, are highlighted by red dotted lines. The peak emission amplitude of the dark patch is, as
expected, lower than that of the bright area. Additionally, the peak emission wavelength is red

shifted by about 5 nm in the dark patches.

From Figure 4(a), dark spots related to TDs can be clearly seen, with sizes from tens to a few
hundred nanometres, consistent with the sub-micron minority carrier diffusion length which
has been reported for GaN-based materials [23] [24]. The dark patches of a few micron extent
therefore indicate emission properties that cannot result solely from the impact of TDs. Other
factors, such as local variation in QW thickness and alloy compositiony/might beresponsible
for such non-uniform emission intensities. Multi-microscopy experiments.are used to study the
QW structure corresponding to the dark patches and compare it with"the bright areas, as

described in the experimental methods.

The Green 3 sample (with the lowest QW growth temperature).is the main subject of this part
of the study as the dark patches are well defined in CL. One example of the multi-microscopy
experiments is shown in Figure 6, where Figure 6(a) is the. CL image including the line-scan,
Figure 6(b) is the AFM profile corresponding to the surface offthe line-scan and Figure 6(c) is
the STEM HAADF image of the specimen:made from the line-scan position. The dark line

above the MQW layer in Figure 6(c) indicates the surface of the sample and the material above

Dark patch
T

:
FroTin AR R

R

L

[11-20]

Figure 7 STEM HAADF images showing the MQW structure of the dark patch and the
bright area.in the sample grown at 698 °C. The bright lines show the positions of QWs.
GWWEsare marked in red doted boxes. The material above the dark line is the Pt

protective layer.
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the dark line is the Pt protective layer deposited in the FIB. The distances between dislocations
found in the STEM HAADF image are consistent with those in the AFM line profile, as
indicated by the red arrows, illustrating that the specimen is prepared at the desired location.

HAADF STEM images of the MQW structures from the dark patch and adjacent bright area,
taken in the [11-20] zone, are shown in Figure 7. The QW structures are more. intact in.the dark
patch but less uniform in the bright area. If we define a part of the QW where the:width is less
than half of the maximum width as a gross well width fluctuation (GWWF), the density of
GWWFs can be calculated as the total length of all GWWFs (Lewwr) divided by the length of
QW measured (Low), Leawwr/Low. Four images are taken on both the dark patchand the bright
area, and the multi-microscopy experiment is repeated twice on differentdark patches of Green
3. The density of GWWFs in the bright area is 15.5% + 1.5% and.the density of GWWFs in
the dark patch is 5.4% + 1.4%. The bright areas consistently:have larger density of GWWFs
compared to the dark patch. STEM HAADF images were also takenfrom the cross-sections of
Green 1 and Green 2 to estimate their average densities.of GWWFs. However, as the dark
patches are more difficult to define on these two‘samples, multi-microscopy measurements
were not applied to them. The average densities of GWWEFs of all three MQW samples are
estimated in Figure 8, which shows a reductionyin the GWWF density as the QW growth

temperature decreases.

20 + E
‘3.\1 =18
w
s
§ 16 | N .
Q]
—
5]
2 42
% l "11.3

10.5
a
1
8 1 1 1 1
700 705 710 715 720

QW growth temperature (°C)
Figure 8 The average densities of GWWFs plotted against the QW growth temperatures

The impact.of gross well width fluctuations can be explained based on previous experimental
results.by Qliver et al. [10]. They reported that the formation of GWWFs is due to exposure of

unprotected InGaN to high temperatures during growth, which results in indium desorption. If
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GWWEFs are regions with low indium content and thinner QW, they are a locally high bandgap
area due to both the composition and the quantum confinement effect. In an early study of van
der Laak et al., it was found that ~90% of the threading dislocations pass through these high
bandgap regions [11]. The activation energy of defect-related non-radiative recombination
process was found to be about 55 meV for samples without GWWFs but 220 meV.for samples
with GWWFs [10]. Oliver et al. therefore proposed that GWWFs in the QWS provide an
additional barrier to carrier diffusion to defects.

The results from CL line scan (Figure 5) support this theory. The brighter areas also emit at a
shorter average wavelength, consistent with lower indium content and.smaller thickness in the
GWWF-containing areas. Less barriers to carrier diffusion to defect/Sites are very likely
responsible for the weaker emission of the dark patches in sample Green3, where few or no
GWWFs were observed.

TDs are however not likely to be the relevant defect sites for non-radiative recombination in
the dark patches, since dislocation-related dark spots can be found in both the bright and dark
regions and appear with similar density in each case. Instead; point defects could provide sites
for non-radiative recombination [7] and GWW(Fs may. impede carrier diffusion to these sites in
much the same way they prevent carrier diffusion:to dislocations [11]. Another possibility is
that the process of desorption of indiumsrich InGaN could lead to preferential removal of point
defects, leading to lower defect densitiesiin the GWWF-containing regions, as indium rich
regions have been reported to have.a high point defect density [25].

It is also worth mentioning that blue-emitting QW samples have also been investigated by
Hammersley et al. [7], where higherQW growth temperatures were reported to lead to higher
IQE values as well. However, our experiments indicate that dark patches are not found in these
blue QW samples. Thaugh emisston inhomogeneities have been found in blue LEDs by others,
both Wallace et al£[8] and Okamoto et al. [9] correlated lower emission intensities to higher
emission energies, which is opposite to what we observed for green-emitting QW samples.
Okamoto et al. suggested:.that for low indium content LEDs, carrier localisation effects from
indium-rich.areas control the radiative recombination efficiency. Overall, this suggests that
other mechanisms exist for the blue samples and the significance of these mechanisms in blue

and«green samples are different.

Although the underlying reasons for an inhomogeneous distribution of GWWFs in different

regions of the same green QW sample are still unclear, the fact that samples grown at low
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temperatures show fewer GWWEFs is potentially due to a smaller thermal budget available to
drive the indium desorption. Other than increasing the QW growth temperature, a temperature
ramp between the growth of QW and quantum barrier could provide a similar thermal budget
for the removal of some QW material to form GWWFs [10]. Introducing H> to the carrier.gas
during growth of the GaN barrier has also been shown to cause discontinuous QWs that are
narrower and of lower indium content [26]. Additionally, as GWWFs are mostly. aligned with
the surface terrace edges [15], which are related to the substrate miscut, the formation of
GWWEFs can be affected by substrate miscut angles. Massabuau et al. [27]rdemenstrated that
a change of the substrate miscut angle from 0° to 0.5° increases the density of GWWFs. These
methods of engineering GWWEFs in the LED structure are also promisingsin‘achieving more

efficient c-plane green LEDs.

Conclusions

The SEM-CL measurements show large dark patches that go not correspond to threading
dislocations. As the QW growth temperature decreases, the contrast between the light and dark
patches increases and the dark patches become larger. STEM structural analysis of dark patches
occurring in sample Green 3 indicate that they have fewer GWWFs compared to the bright
regions. A higher density of GWWHFs'isifound-in the samples grown at a higher QW growth
temperature with higher IQEs. Since the distribution and density of GWWFs plays an important
role in the effect of QW growth.temperature to the 1QE of green LEDs, increasing GWWFs
density by altering various growth conditions, such as QW growth temperature, temperature
ramp, carrier gas composition an?substrate miscut angle, presents a useful option to improve

the performance of green LEDS.
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