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Scanning near-field optical spectroscopy was applied to semipolar (2021) InGaN/GaN quantum
wells (QWs) to evaluate spatial homogeneity of QW band gap and its dependence on the growth
conditions. In the most uniform QW, photoluminescence (PL) spectra were found to be narrow
with small peak wavelength and spectral width variations. A QW grown at reduced temperature
showed sub-micrometer size PL features aligned along the a axis and caused by nonuniform In
incorporation at surface undulations. At extended defects, complex and strongly varying near-field
spectra were observed and tentatively assigned to QW segments of different orientations around
these defects. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4823589]

Semipolar (2021) InGaN/GaN quantum wells (QWs)
have recently emerged as an alternative to QWs grown on
polar ¢ and nonpolar a and m planes for fabrication of light
emitting diodes (LEDs) and lasers." Compared to the polar
structures, the semipolar ones experience smaller intrinsic
electric fields, caused by the difference in spontaneous and
piezoelectric polarizations in the barrier and well layers.”
The advantage of (2021) over nonpolar InGaN QWs is a
more effective In incorporation under the same growth con-
ditions,? leading to longer emission wavelengths including
those in the green* and yellow-green® spectral regions.
Besides, semipolar QWs show narrower widths of the emis-
sion spectra, which is advantageous for laser applications.
However, the spectral linewidths are sample dependent and
strongly increase with the emission wavelength, indicating
that carrier localization occurs in these structures as well.
For instance, for (ZOQI) QWs at room temperature, full
width at half maximum (FWHM) values increase from
20nm in the blue®’ to 60nm in the green-yellow’ spectral
regions. For laser diodes, material gain presumably is inver-
sely proportional to the luminescence linewidth.

So far, emission from (2021) InGaN QWs has been
studied by standard far-field electroluminescence and photo-
luminescence (PL) techniques. While such data allow rough
comparisons of the emission properties of QWs grown on
different crystallographic planes and under different condi-
tions, understanding of fine effects, such as influence of
structural domains on band potential fluctuations,® band gap
variations around dislocations,9 spatial variations of band
bending at heterostructures,'” and formation of hot spots in
devices,'' requires information on spatial distribution of the
emission spectra and their parameters. Confirmation of spa-
tial homogeneity of the emission spectrum requires nano-
scale measurement techniques as well. In this work, by
applying scanning near-field optical microscopy (SNOM) on
a number of semipolar (2021) InGaN QW structures, we
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observe dependence of the QW homogeneity on the growth
conditions and reveal marked spectral changes occurring
around extended defects. The details help identify the opti-
mal conditions for the (2021) QW growth.

The studied structures were grown by metal organic
chemical vapor deposition on low defect density bulk
(2021) plane GaN substrates, provided by Mitsubishi
Chemical Corporation. The structures consisted of a 1 um
undoped GaN template layer, an InGaN single QW, and a
thin 10nm GaN cap layer. The small thickness of the cap
layer was chosen to maintain a good near-field coupling
between the probe and the studied QW. Measurements on a
QW embedded in a LED p-i-n structure with 50 nm thick
p-side layers produced similar data showing that a longer
thermal exposure of the QW during growth of a thicker cap
layer does not affect the band potential uniformity of the
QW. To reduce the influence of the built-in electric field on
the emission properties, narrow 3 nm wide QWs were used.
The growth temperature for structures A, B, and C was 840,
850, and 855 °C, and In percentage in the QW was estimated
as 27%, 25%, and 24%, respectively.

Near-field PL scans were performed at room tempera-
ture with a SNOM apparatus operating in the illumination-
collection mode. Aluminum-coated UV fiber probes with
100 nm aperture diameter were used. PL was excited directly
into the QW by 200 fs frequency doubled Ti:sapphire laser
pulses with a 375 nm central wavelength. The photoexcited
carrier density, evaluated from the average excitation power
density, probe throughput, aperture diameter, and InGaN
absorption coefficient was below 5 x 10" ecm™2. For PL
detection, a spectrometer equipped with a liquid nitrogen
cooled charge coupled device detector was employed.
Scanned areas varied from 4 x 4 to 10 x 10 um® with scan-
ning steps between 50 and 100 nm. Full PL spectrum was
recorded at each point of a scan. Due to the multimode char-
acter of the optical fiber, PL polarization was not resolved.
Spatial resolution of the measurements was limited by the
probe aperture diameter.

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4823589
http://dx.doi.org/10.1063/1.4823589
http://dx.doi.org/10.1063/1.4823589
http://dx.doi.org/10.1063/1.4823589
mailto:sm@kth.se
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4823589&domain=pdf&date_stamp=2013-09-27

131116-2 Marcinkevicius et al.

Peak wavelength, nm Correlation r = -0.098

4 T 4 500
= W 90 &
B c
5400
485 s
£ S
32 480 2 300
> 2
o
475 =200
[
&
0 : 470 100 L
0 2 4 470 480 490 500
X, um Peak wavelength, nm
Peak intensity, arb.units Correlation r = -0.094
400 o
c
=
o
320 =
=
I
240 =
[T
160 20 L L L L L L
470 480 490 500
Peak wavelength, nm
Correlation r = -0.369
48
B2]
‘c
=1
40 £
@®©
s
=
32 =
24 L !

20 TR Y L
100 200 300 400 500
Peak intensity, arb. units

FIG. 1. Near-field PL maps of peak wavelength (a), peak intensity (b), and
FWHM (c), as well as correlation graphs between peak intensity and peak
wavelength (d), FWHM and peak wavelength (e), and FWHM and peak in-
tensity (f) for sample A.

Figure 1 shows maps of the peak wavelength, peak in-
tensity, and FWHM generated from the near-field PL spectra
of sample A. Along with the maps, correlation graphs
between peak wavelength, peak intensity, and FWHM are
displayed. One can notice that the maps are composed of
sub-um size features aligned along the a axis, and the span
of parameter variation is quite large. The correlations
between the peak intensity and wavelength and the FWHM
and wavelength are almost absent, with most of the spectra
having the peak wavelength and peak intensity in the middle
of the scale. Only the FWHM-—intensity correlation shows a
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notable negative trend, with narrower peaks tending to be
more intense. The Pearson product-moment correlation coef-
ficient for this correlation is r = —0.369.

The near-field maps for samples B and C, however, are
quite different. Fig. 2 shows peak wavelength and FWHM
maps measured for sample B. Maps from other scans per-
formed on samples B and C show qualitatively similar fea-
tures. For these samples, the span of spectral parameter
variation is much smaller, the islands of close values are
much larger, and the map features have no preferential direc-
tion. The correlations for different scans between the peak
wavelength and intensity, as well as the peak wavelength
and FWHM fluctuate between small negative and positive
values; only the peak intensity—-FWHM correlation, similarly
as for sample A, is clearly negative.

The average values and deviations for the measured data
are gathered in Table I. One can notice that the peak wave-
length deviation, which is relatively large for sample A, can
be as small as 0.9 nm (sample C). The ratio of the peak inten-
sity deviation and its value for various scans is only 0.1 for
the samples grown at higher temperatures. FWHM deviation
may reach as little as 1 nm with the smallest FWHM value
falling below 20 nm. This is quite remarkable for QWs emit-
ting at around 480 nm, especially when compared to typical
FWHM values of ~50 nm for nonpolar QWs.'213

The larger FWHM and statistical deviations for sample
A stem from more complex near-field spectra, which display
a multi-peak structure and experience large point to point
variations. In Fig. 3, a typical near-field spectrum of sample
A is compared to that of B. In the sample A spectrum, one
can notice up to four different components. Since the probed
area is 100 nm in diameter, the multi-peak structure indicates
that areas with uniform potentials are smaller than that. The
near-field spectra for the samples B and C are much more
uniform. Still, the spectra are considerably broader than the
homogeneous broadening (47meV or 8.5nm (Ref. 14)),
which shows that even for the most homogeneous samples
the nanoscale band potential variations play an important
role. Interestingly, the low temperature far-field spectra (not
shown) for samples A, B, and C are not that different with
the FWHM between 15.5 nm, 92 meV (sample C) and 18 nm,
110 meV (sample A). With increased temperature, the spec-
tra primarily broaden for sample A because of the thermally
activated carrier diffusion into lower potential areas, simi-
larly as in nonpolar InGaN QW.'* For the samples with
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TABLE I. Statistical parameters of the near-field PL scans.

Sample A B C
Peak wavelength, average (nm) 477.4 470.7 457.8
Peak wavelength, deviation (nm) 4.7 1.2 0.8
Peak intensity deviation/average 0.16 0.10 0.11
Average FWHM, nm (meV) 36.2(197)  27.2(151)  23.7 (140)
FWHM deviation, nm (meV) 4.2 (23) 1.0 (6) 1.7 (10)
Localization parameter ¢, (meV) 66 46 41

smaller band potential variations, the temperature-induced
broadening is weaker.

The nanoscale band potential variation, manifesting
through the broadening of the near-field spectra, can be ana-
lysed using a model,'” in which the depth of the localization
centers is assumed to have a Gaussian distribution. The inho-
mogeneous broadening under the probe aperture is described
by a Gaussian joint density of states
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where go(E) is the density of states of an ideal QW and oy, is
the localization depth parameter, which describes the fine
spread of the band gap values and, indirectly, of the compo-
sition fluctuations. For low excitation, free carrier and exci-
ton distributions obey Boltzmann statistics; hence, the PL
intensity is proportional to Ip;(E) o gc(E)exp(—E/kgT).
The FWHM has contributions from the inhomogeneous I';;,
and the homogeneous broadening, the latter caused by the
carrier-phonon interaction'”

v
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Here, f§ and 7y represent the carrier/exciton coupling strength
with acoustic and LO phonons, respectively. The values of
hoppo=88meV, [=0.035meV/K, and y=0.75eV were
taken from the measurements on m-plane InGaN QWs of
similar composition."* Using the experimental data of the
FWHM, the localization parameter for different samples is
between 41 and 66 meV (Table I).

The difference in the near-field maps, spectra, and local-
ization potentials for sample A, grown at 840°C and the
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FIG. 3. Typical near-field PL spectra of samples A and B.
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other ones is quite remarkable. The most probable cause of
the well band gap variation is nonuniformity of In distribu-
tion, since monolayer-thick well width variations in InGaN
QWs would hardly provide large uniform islands, and strain
fluctuations in thin 3 nm single QWs grown on homoepitax-
ial substrates are unlikely. Growth condition-dependent sur-
face undulations along the a axis, along which our SNOM
features appear, have been observed in (2021) InGaN QW
structures'® and (2021) InGaN epitaxial layers.!” In (2021)
QWs, surface morphology variations were found to correlate
with spatial differences of PL properties.'® Our experiments
show that structural features may affect PL in (2021) QWs
as well. Here, one should note that similarity of physical
properties of (2021) and (2021) is not trivial; for instance,
degree of polarization of the emitted radiation, presumably,
due to different cation interdiffusions, is largely different."

Morphology features that appear during growth of
(2021) QWs may be related to variations in alloy band gap
determined by the nonuniform In incorporation. Different
microfacet planes, such as (1011) and (1010), present at
undulations,'” anisotropic material growth at nonpolar
planes,20 and dependence of In incorporation on the crystal-
lographic orientation®?' may contribute to the SNOM map
features of sample A. At higher growth temperatures, In
atoms must be overcoming the diffusion barriers related to
the undulations and form extended wum-size islands of uni-
form alloy composition.

The smooth QW potentials with spatially uniform alloy
composition become very different around defects. Fig. 4
shows a scan for sample C in which very strong local varia-
tions in the spectral parameters and multi-structured near-
field PL spectra are observed. The peak wavelength map
shows that the short wavelength component is dominating
the spectra within areas of one to two hundred nm in diame-
ter; however, the FWHM map indicates that the broadened
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FIG. 4. Peak wavelength (a) and FWHM (b) maps measured in the vicinity

of an area containing defects. Near-field spectra around the defect A
(c) have large wavelength and shape variations.
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spectra with both, long and short wavelength components,
extend over larger regions. Besides, as Fig. 4(c) shows, peak
wavelengths and intensity in the double peak structure vary
with position.

The spatial variations of the PL spectra imply a large
variation of In content around the defects or variation of the
well width. Previously, dual wavelength emission was
observed in c-plane InGaN QWs around V-shaped defects.*?
The short wavelength peak was attributed to the narrower
QW width and the smaller piezoelectric field in the QW seg-
ments located at the extended V-shaped pits. SNOM meas-
urements showed that characteristic dimensions of the areas
emitting at short wavelengths were about 0.5 to 1 um, and
that the main QW emission was spectrally uniform.’
Emission at different wavelengths was also observed from
QWs grown on different facets of pyramidal GaN mesas®?
and GaN stripes of nonpolar and semipolar orientation.”*
These features were attributed to well width and alloy com-
position dependence on the symmetry on the QW growth
planes.

Segments of different orientations in InGaN QWs may
occur not only in V-shape but also in void defects. Such
defects, containing {0001} facets and {0001} base, were
observed in c-plane GaN and InGaN.?® Faceted void defects
were also detected in high defect density semipolar InGaN
QWSs.'® Thus, it is likely that the dual wavelength emission
shown in Fig. 4 originates from areas containing QW seg-
ments of different orientations. Strong PL wavelength varia-
tions, not only for the short but also for the long wavelength
peak (e.g., around defect A, Fig. 4(a)), support this assign-
ment. The PL excitation directly into the QW and the strong
localization of the emission containing the short wavelength
peak allows excluding such mechanisms as emission from
excited QW states and impurity-related transitions in the bar-
riers. For a definite answer about the origin of this effect,
near-field investigations with a resolution much higher than
100 nm are necessary. One should note that out of the several
tens of thousands spectra, measured during the near-field
scans, these features have been observed in less than 10 mea-
surement points, thus, the complicated emission spectra
around defects do not affect the spatially integrated far-field
emission.

In conclusion, scanning near-field optical spectroscopy
has been applied to MOCVD-grown semipolar (2021)
InGaN QWs in order to obtain nanoscale information on
band potential variations and their dependence on the growth
conditions. In the most uniform QWs, the variations of the
emission spectra were found to be small with the peak wave-
length and FWHM variations (standard deviation) of about
Inm. A QW grown at a lower temperature shows features in
PL peak wavelength, intensity, and FWHM that are aligned
along the a axis. These features were attributed to nonuni-
form In incorporation at surface undulations. At extended
defects, complex and strongly varying near-field spectra

Appl. Phys. Lett. 103, 131116 (2013)

were observed and tentatively assigned to QW segments of
different orientations around these defects.
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