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Efficient green emission from (112_2) InGaN/GaN quantum wells on GaN
microfacets probed by scanning near field optical microscopy
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Nanoscopic optical characterization using scanning near field optical microscopy was performed on

a (1122) microfacet quantum well (QW). It was revealed that the carrier diffusion length in the
(1122) QW is less than the probing fiber aperture of 160 nm, which is shorter than that of the (0001)
QWs and is attributed to much faster radiative recombination processes in the (1122) QW due to a
reduced internal electric field. Owing to this short diffusion length, the correlation between the
internal quantum efficiency (IQE) and emission wavelength is elucidated. The highest IQE is ~50%
at 520 nm, which is about 50 nm longer than in (0001) QWs, suggesting that the (1122) QW is a
suitable green emitter. © 2007 American Institute of Physics. [DOI: 10.1063/1.2748309]

InGaN-based quantum wells (QWs) in semipolar and
nonpolar directions have received increased attention due to
their potential high emission efficiency caused by reduced or
negligible polarization effects.'™ We recently demonstrated

that {1122} semipolar planes are promising for low internal
electric fields when these planes naturally appear as micro-
facets through the regrowth process on c-oriented GaN
templates.z’3 This finding has motivated fabrication of

InGaN/GaN light-emitting diodes (LEDs) on GaN {1122},*

(1100),%7 and (1101) substrates.® The device performances
are already suitable for practical applications and have re-
cently been catching up to those in conventional (0001)
InGaN/GaN LEDs.”® However, a comprehensive under-
standing of the optical properties will be indispensable to
draw higher device performances.

In (0001) InGaN QWs, it has been reported that carrier/
exciton localization in potential minima plays a crucial role
in determining the optical properties.g’10 The dimension of
potential fluctuations is on the order of nanometers, and
therefore, nanospectroscopy using scanning near field mi-
croscopy (SNOM) is a powerful tool to assess the optical
properties derived from carrier localization phenomena. We
have developed a SNOM system for InGaN QWs and have
revealed the temporal and spatial carrier dynamics.”’12 In
particular, comparing images obtained from the illumination-
collection (I-C) mode, which uses an identical fiber to excite
and detect photoluminescence (PL), and those from the illu-
mination (/) mode, which detects PL excited through a fiber
in a far field, has provided insight into radiative recombina-
tion, nonradiative recombination, and diffusion processes.12

In this study, we applied SNOM to a (1122) microfacet QW.

It is found that the carriers in a (1122) QW are less diffusive
than those in (0001) QWs, and unlike those of (0001) QWs,

the internal quantum efficiency (IQE) of the (1122) QW is
the highest in the green spectral range.
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The sample studied here is the same InGaN/GaN micro-
facet single QW as that in Ref. 4, consisted of semipolar

{1122} microfacets as well as (0001) and {1120} facets, as
shown in Fig. 1(a). The thicknesses of the InGaN well and

GaN cap on the {1122} facets were 2 and 20 nm, respec-
tively. The InGaN well width was rather uniform

(2.0+0.2 nm) within the {1122} facet, but the In composition
estimated by energy dispersive X-ray spectroscopy monoto-

nously increased from 25% on the {1120} side to 40% on the
(0001) side. This large intrafacet variation of the In compo-
sition led to a broad emission; the PL spectrum acquired at
room temperature (RT) peaked at 535 nm (2.32 eV) and en-
compassed wavelengths from 450 to 650 nm. From the tem-
perature dependence of the integrated PL intensity, the IQE
averaged over the entire spectral range was as high as 33% at
RT, despite including a red component. To determine the
cause of the observed high IQE, time-resolved PL measure-
ments were performed and the radiative lifetimes were esti-
mated to be 72 ps at 460 nm (blue), 161 ps at 530 nm
(green), and 181 ps at 575 nm (amber) at low temperatures.
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FIG. 1. (a) Cross sectional Scanning electron microscopy (SEM) image of
microfacet structures composed of (0001), {1122}, and {1120} facets. (b)

Cleavage of the sample for SNOM observations of a (1 122) microfacet QW.
(c) SEM images of the fiber probe for SNOM and the sample showing how
the fiber approaches the sample.
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FIG. 2. (Color) (a) PL peak intensity and (b) wavelength mapping of the

(1122) microfacet QW acquired at RT. (c) RT-PL intensity mapping of a
conventional planar (0001) InGaN/GaN QW on ELO-GaN. (d) Intensity

variations along aa’, bb’, and c¢’ in the (1122) QW and dd’ in the (0001)
QW.

Furthermore, the estimated radiative lifetime at 530 nm at
RT was 400 ps. Typically, the radiative lifetimes in
3-nm-thick (0001) QWs are 15 ns at 450 nm, 85 ns at
520 nm, and 1 us at 630 nm at low temperatures. Thus, it is

clear that the {1122} QW possesses a much shorter and
smaller wavelength dependent radiative lifetimes, which is
well accounted for by the weaker polarization effects in the

{1122} QWs. As discussed below, such short lifetimes affect
the spatial carrier dynamics.

SNOM observations were performed at RT using a fiber
probe, which had a single-tapered pure SiO, core with an
aperture diameter of 160 nm. The excitation source was a
frequency doubled Ti:sapphire laser, which emitted at 380
nm to selectively excite the InGaN well. Due to the limita-
tion that arises from the dimensions of the fiber probe and
the microstructures, the sample for SNOM observations was
prepared as schematically illustrated in Fig. 1. The excitation
power density ranged from 1.6 to 160 uJ/cm?, which corre-
sponds to a photogenerated carrier density from ~1
X 107 to ~1Xx10'/cm?, but a clear dependence on the ex-
citation power was not detected in the PL spectra. PL was
introduced into a 50 cm monochromator and was detected by
a liquid-nitrogen-cooled charge coupled device detector.

Figure 2 shows the spatial distributions of (a) the PL

peak intensity and (b) the peak wavelength in the (1122)
microfacet QW acquired under the /-C mode at RT. The PL
intensity drastically varied perpendicular to the facet

boundary (I[1123]), while the PL intensity remained nearly
unchanged along the facet boundary ([ 1100]). Similarly, the
PL peak wavelength exhibited large variations only along the

[1123] direction [Fl% 2(b)], which suggests a strong corre-
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FIG. 3. (Color online) PL spectra taken at RT under the /-C and I modes for
2(a) the (1122) and (b) (0001) QWs.

lation between the PL intensity and wavelength, as discussed
below. The PL peak wavelength was 476 nm (2.6 eV) on the

(1120) side of the (1122) facet and monotonously increased
to 590 nm (2.1 eV) on the (0001) side due to the above-
mentioned spatial distribution for the In composition.

The inhomogeneity of the PL intensity observed in Fig.

2(a) indicates that the (1122) microfacet QW involves poten-
tial fluctuations on the order of 100 nm or less. On the other
hand, Fig. 2(c) shows the PL intensity mapping of a planar
(0001) InGaN/GaN QW fabricated on epitaxially laterally
overgrown (ELO) GaN. This QW emits at 520 nm and the
PL intensity mapping was obtained under the same experi-
mental conditions. Although the size of the islandlike struc-
tures, that is, the intensity fluctuations, appears similar, the
degree of intensity variation drastically differs, as summa-
rized in Fig. 2(d), which compares the line scans of the nor-

malized PL intensities along aa’, bb', and cc' in the (1122)
QW and along dd’ in the (0001) QW. The line scans aa’,

bb', and cc' are aligned in the [1100] direction and, there-
fore, correspond to PL intensity variations at emission wave-
lengths of 575, 525, and 480 nm, respectively. As can be
seen in Fig. 2(d), the line scans vary by only 20%, whereas
the PL intensity in the (0001) QW is largely scattered about
80%. In order to elucidate the reason for this striking differ-
ence, SNOM was performed under the  mode for both the
QWs.

Figures 3(a) and 3(b) show examples of the PL spectra

for the (1122) microfacet QW and (0001) QW, respectively,
acquired at RT by the /-C and [ modes. The PL measure-
ments by the /-C and [ modes were performed at the same
position. For the (0001) QW [Fig. 3(b)], the PL under the I-C
mode is located at a higher energy, suggesting that the posi-
tion beneath the fiber probe has a higher potential and the
photogenerated carriers diffuse outside the fiber aperture. Af-
ter diffusion, the carriers experience a lower potential and
emit at lower energy, as observed in the / mode. On the other
hand, for the (1122) QW, the PL spectra obtained by the I-C
and I modes are always identical, as shown in typical PL
spectra in Fig. 3(a). This observation indicates that carrier
diffusion toward outside the fiber probe is absent.

The carrler diffusion length \ is described by the equa-
tion of A= \’DT where D is the diffusion coefficient and 7 is

the carrier lifetime. The diffusion coefficient for the {1122}
plane is unknown, but currently we believe that 7 is respon-
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sible for a shorter diffusion length in the (1122) QW. The PL

lifetimes at RT were measured to be ~200 ps for the (1122)
QW and 40 ns for a conventional (0001) QW emitting at

520 nm. The much shorter PL lifetime for the (1122) QW is
mainly due to the considerably shorter radiative lifetime of
400 ps at RT. Because the PL lifetime corresponds to the
carrier lifetime 7, the difference of two orders of magnitude
in the PL lifetimes (i.e., carrier lifetimes) results in one order
of difference in the diffusion length, assuming equivalent

diffusion coefficients for the {1122} and (0001) planes. The
diffusion length in (0001) InGaN QWs (In: 8%-25%) has
been reported to range from 200 to 600 nm.'>" Therefore,

the diffusion length in the (1122) InGaN/GaN QW can be as
low as 20—60 nm, which is smaller than the 160 nm fiber
aperture. Thus, it is reasonable that diffusion is absent ac-
cording to the present SNOM system because the recombi-

nation processes in the (1 152) QW are completed within the
fiber aperture.
Let us discuss the cause of the difference in PL intensity

variations observed between the (1122) and reference (0001)
QWs [Fig. 2(d)]. Because both the QWs were fabricated with
similar regrowth techniques, the properties related to thread-
ing dislocations, which work as the nonradiative recombina-
tion centers (NRCs), should not differ significantly. In addi-
tion, the degree of potential fluctuations appears to be
comparable because the PL linewidths measured by SNOM
were equivalent. Thus, these factors can be excluded from
the current discussion and at present, we attribute the uni-

form PL intensity distribution for the (1122) QW to the short
diffusion length. For (0001) QWs, the fiber aperture and the
diffusion length are comparable. Therefore, NRCs located in
the vicinity of the fiber probe capture almost all carriers gen-
erated within the fiber aperture, which produces weak PL and
generates a striking contrast with PL obtained away from

NRCs. On the other hand, for the (1122) QW, even when the
fiber aperture includes NRCs, only a part of carriers are cap-
tured by the NRCs due to the short diffusion length. Conse-
quently, NRCs do not affect the PL intensity seriously, which
makes PL intensity mapping uniform.

The I-C and I modes provide identical images for the

(1122) QW, while the PL intensity measured by the / mode
is proportional to the local IQE, in principle.12 Therefore, the
PL intensity mapping in Fig. 2(a) represents a spatial distri-
bution of the IQE in the (1122) QW and Figs. 2(a) and 2(b)
can be used to reveal the correlation between the IQE and the
emission wavelength. The result is shown in Fig. 4 where the
IQE was evaluated so that an average macroscopic IQE of
33% 1is reproduced. For comparison, the IQEs of reference
(0001) QWs are also plotted. The trend of the (0001) QWs is
typical and the IQE is the highest around 460 nm when a
technique is not used to reduce threading dislocations, that is,
blue LEDs emit much more efficiently than green LEDs. On

the other hand, the IQE in the (1122) QW reaches a maxi-
mum of 50% at a longer wavelength of 520 nm, which
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FIG. 4. IQE as a function of the emission wavelength, which is extracted
from Figs. 2(a) and 2(b). Those for conventional (0001) QWs are plotted for
comparison.

strongly suggests that the (1122) QWs are suitable for green
emitters.

Finally, the dimensions of the radiative recombination
centers (RRCs) are discussed. Each PL spectrum taken by
SNOM had a linewidth of ~180 meV irrespectively of the
measurement position, within which the contribution from

the In composition gradient along the [1123] direction is
~30 meV. Therefore, many RRCs should exist within the
aperture. In fact, analyses of the radiative recombination life-
times based on a modified quantum disk model"* suggest that
the diameter of RRCs is 15—-20 nm, which is consistent with
the SNOM observation. Considering Fig. 2(a), it is con-

cluded that the (1122) QW involves potential fluctuations of
about 20 nm, which work as RRCs and overlap with spa-
tially larger potential fluctuations on the order of 100 nm.
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