Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7

Journal Name

Cite this: DOI: 10.1039/x0xx00000x

Received 00th January 2012,
Accepted 00th January 2012

DOI: 10.1039/x0xx00000x

www.rsc.org/

Nanoscale

RSC

Toward highly radiative white light emitting
nanostructures: a new approach for dislocation-
eliminated GaN/InGaN core-shell nanostructures
with a negligible polarization field

Je-Hyung Kim, Young-Ho Ko, Jong-Hoi Cho, Su-Hyun Gong, Suk-Min Ko, and
Yong-Hoon Cho*

White light emitting InGaN nanostructures hold a key position in the future solid-state
lighting applications. Although many suggestive approaches to form group Ill-nitride
vertical structures have been reported, more practical and cost effective methods are still
needed. Here, we present a new approach for GaN/InGaN core-shell nanostructures on a
wafer level formed by chemical vapor-phase etching and metal-organic chemical vapor
deposition. Without a patterning process, we successfully obtained high quality and
polarization field minimized In-rich GaN/InGaN core-shell nanostructures. The various
quantum well thicknesses and the multi-facets of the obelisk-shaped core-shell
nanostructures provide a broad spectrum of the entire visible range without changing the
InGaN growth temperature. Due to their high crystal quality and polarization field reduction,
the core-shell InGaN quantum wells show an ultrafast radiative recombination time less than
200 ps and uniformly high internal quantum efficiency in the broad spectral range. We also
investigated the important role of polarization fields in the complex recombination dynamics in

InGaN quantum wells.

Introduction

Semiconductor based solid-state lighting have high efficiency,
high stability, fast response time, minimized size, and color
tunability.>® Therefore, they are currently replacing existing lighting
and display systems that rely on bulbs or lamps. InGaN  quantum
well (QW) based wide bandgap semiconductors are leading this
evolution with their broad spectral coverage and high quantum
efficiency. However, the commercialized white light emitting diodes
(LEDs), the most important lighting applications, are based on blue
emitting InGaN QWs mixed with yellow emitting phosphors.
The use of phosphors possesses many disadvantages, such as color
conversion loss, a low color rendering index, a low modulation
speed, and the increasing cost of phosphors.* Therefore, the
development of phosphor-free white light emitting devices is greatly
needed. The main obstacle of InGaN QW based phosphor-free white
LEDs is a low quantum efficiency in long wavelength regions such
as green and red.® Although the group IlI-nitride systems, can

This journal is © The Royal Society of Chemistry 2013

theoretically cover the entire visible range by controlling the In
composition, a large In content in InGaN QWs induces lots of strain
that yields strong built-in electric fields and dislocations.* ” This
causes weak radiative and strong nonradiative recombinations of
excitons in long wavelength region. Another problem of the
conventional InGaN QWSs grown on c-plane substrates is the
limitation of QW thickness. As the QW thickness increases, the
increased strain forms dislocations, and the quantum confined Stark
effect (QCSE) becomes radically enhanced in the InGaN QWs.
Therefore, thin QWSs with a thickness of 2~3 nm are mostly used for
LED applications. However, the use of thin QWSs becomes one
reason for a severe efficiency droop at a high carrier density.® °
Furthermore the limited light extraction efficiency in a planar
structure should be improved.

Several approaches have been suggested to obtain bright and
broad emission from InGaN QWSs. For example, the adoption of
photonic crystal patterns,’® a patterned substrate,®* or surface
texturing'? have shown an increase in light extraction. The lateral
overgrowth techniques®® have been popularly used to improve the
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crystal quality. The quaternary AllnGaN layer* or InGaN QWs
grown on semipolar or nonpolar substrates’® have also been
suggested to reduce the polarization fields.

However, in many points of view, GaN/InGaN core-shell
structures®®®® are a promising approach for high efficiency light
emitting devices since they can solve the above problems
simultaneously. We can expect improvement in light extraction,
reduction in dislocations, and relaxation in strains by introducing
nanostructures. Furthermore, GaN/InGaN core-shell structures can
effectively reduce the built-in electric fields by growing InGaN QWs
on semipolar or nonpolar facets.”® They also have a large emitting
surface area, which increases the light output power and decreases
the current density

For these reasons, many groups have concentrated their efforts in
forming vertical GaN nanostructures. At an early stage, molecular
beam epitaxy (MBE) techniques were used to grow vertical GaN
nanostructures on Si substrates, where a disk type of InGaN QW was
inserted (axial type).?™ # Recently, some groups successfully
demonstrated metal-organic chemical vapor deposition (MOCVD)
grown vertical GaN nanostructures by using catalysis,? patterning
processes,'” # or self-organized methods with a Si dopant.®?
Although extensive studies have been done, the formation of high-
quality, high-density, vertical GaN nanostructures still has many
limitations based on their approaches.

In this Letter, we introduce a fascinating method to form highly
radiative, broad spectrum emitting GaN/InGaN core-shell
nanostructures by using chemical vapor-phase etching (CVE) and
MOCVD. Our approach is a hybrid method combining chemical top-
down and bottom-up processes and it has many advantages. For
example, without patterning work, it forms high crystal quality,
vertical GaN nanostructures on a wafer scale by eliminating
dislocations. The formed core-shell InGaN QWs show distinctive
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optical properties compared to the conventional planar InGaN QWs
grown on a c-plane sapphire substrate. Together with an improved
light extraction, the enhanced crystal quality, the strain relaxation,
and the minimized polarization field in core-shell nanostructures
induce highly radiative QW emission in a broad spectral range. We
also observed the formation of In-rich InGaN QWs with various QW
thicknesses in core-shell nanostructures, which is limited in planar
QWs.

Results and discussion

Formation of GaN/InGaN core-shell nanostructures

It is well known that the conventional physical etching induces
severe etching damage, and there is no proper chemical wet etchant
for GaN due to the strong mechanical and chemical strength of GaN
materials.”® 2 However, with the CVE method, self-formed, high
crystal quality nanostructures can be obtained by dislocation- and
facet-selective etching mechanisms. First of all, to obtain high
quality nanostructure templates, we exposed a GaN thin film to HCI
gas at a high temperature around 1000 °C. In our etching
experiments, HCI effectively decomposes GaN into GaCl (GaN +

HCI — GaCl + 1/2H, + 1/2N,), and this etching action becomes

negligible below 800 °C. Due to the nature of chemical reaction of
the CVE process, the size and shape of etched nanostructures can be
modified by controlling the etching conditions such as temperature,
time, and HCI flow. During the etching process, dislocations are
etched first, and therefore the formed nanostructures have high
crystal quality and reduced strain. Details on the CVE method and
the improved structural and optical characteristics in as-etched GaN
nanostructures have been reported elsewhere.*

MOCVD regrowth

Fig. 1 (a-e) Schematics and tiled-view SEM images for (a) 2 um-thick GaN film on 2-inch sapphire substrates, (b) early stage of CVE
etching, (c) as-etched vertical GaN nanostructures by CVE process, (d,e) MOCVD regrown GaN/InGaN core-shell nanostructures including
(d) SQW and () MQWs. Insets: top-view SEM images. Scale bars = 500 nm
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Fig. 2 (a,b) Cross-sectional scanning TEM high-angle annular dark field image of (c) core-shell MQWs and high magnification images
at (a) pyramid facet and (b) column facet. (d) Schematic representation for the growth of core-shell MQWs. (e-f) Element mapping
images for (e) In and (f) Ga atoms by using EDS. (g) In composition plot from the core-shell InGaN MQW:s at various positions. The

measured points are marked in (c).

Based on the etched GaN nanostructure templates, we regrew
InGaN QWs and GaN barriers by using MOCVD to form
GaN/InGaN core-shell nanostructures. Fig. la-e shows schematic
representations and SEM images at each step of CVE and MOCVD
regrowth process for GaN/InGaN core-shell nanostructures. At an
early stage of CVE process (Fig. 1b), the thin GaN film starts to
change the surface morphology, and the dislocations are rapidly
eliminated by forming the hexagonal etched pits due to their weak
crystal quality (inset in Fig. 1b). After then, the tapered vertical GaN
nanostructures are formed as a result of CVE process (Fig. 1c).
During the MOCVD regrowth process, lateral growth more likely
occurs than axial growth, resulting in hexagonal faceted, obelisk-
shaped GaN/InGaN core-shell nanostructures, which consist of a
vertical column part and a pyramidal tip part. We made two samples
including single QW (SQW) and three-periods, multiple QWs
(MQWs), respectively (Fig. 1d and 1e). They have average height
and density about 1 «m and 6 x 10%/cm?, respectively.

To confirm the formation of InGaN QWs, we performed
transmission electron microscopy (TEM) measurement. Fig. 2a-c
show the cross-sectional TEM images of GaN/InGaN core-shell
MQWs. We also fabricated conventional planar MQWs grown on a
2-um thick GaN film as references (See Fig. S1t for more TEM
images of the core-shell and the planar QWs). Both the core-shell
and the planar QWs were grown simultaneously at the same growth
conditions for comparison. In the case of SQW, the QW growth time
and temperature were 100 s and 680 °C, respectively. For MQWs,
we grew three periods QWs with growth times of 100 s, 300 s, and
900 s and growth temperature of 680 °C in order to study the
influence of the QW thickness. All other growth conditions were
identical.

In TEM images, the GaN/InGaN core-shell nanostructures do not
show any dislocations inside and have very clean surfaces, which are

This journal is © The Royal Society of Chemistry 2012

important advantages of the CVE process. In the case of planar
structures, it was quite difficult to grow a high-quality, thick InGaN
QW with high In contents due to the accumulated large strain (Fig.
S1d¥). The critical thickness of planar InGaN QWs is known to be
less than 10 nm with high indium contents around 20 ~ 30 %.** The
TEM image in Fig. 2a also shows a large change in the QW growth
rates between the vertical column part and the pyramidal tip part of
core-shell nanostructures (See also Fig. S1ct). The column part has a
faster growth rate more than twice compared to that of the pyramidal
tip part. Due to the relatively slow growth rate of the pyramid facets,
the area of pyramid facets becomes wider as the nanostructures grow
(Fig. 2d).** The measured thickness of the core-shell QWs are
summarized in Table 1. The QW growth rate also depends on the
base templates: the planar QWSs grown on a c-plane show two times
faster growth rate compared to the core-shell QWs (Fig. S1+).

We note that a relatively low QW growth temperature was used
to obtain high In contents in InGaN QWs for longer wavelength
emission. The In composition of the core-shell InGaN QWs was
measured by the energy dispersive X-ray spectroscopy (EDS). Fig.
2e and 2f show atomic compositional mapping images for In and Ga
atoms, respectively, and Fig. 2g shows the position-dependent In
composition change. The results show a large variation of In
contents from 15 % to 30 % depending on the vertical position of
nanostructures. The higher position of nanostructures we measured,
the higher In composition we observed. This position-dependent
composition variation originated from the different diffusion lengths
of In and Ga adatoms.®* 3* The above In variation was investigated
from the third, thickest QW, and the second QW also showed the
similar In compositions and trends. However, for the first, thinnest
QW, it was difficult to extract the exact In composition values due to
its narrow QW thickness less than 1 nm.
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Table 1 Comparison of the thickness of SQW or MQWSs grown on
various facets

Core-shell
MQWs
SQW 1st 2nd 3rd
Growth
Time 100 100 300 900
(s
Thickness at
Columnpart 0.89+0.28  0.99+0.09 4.93+0.60 15.51+0.66
(nm)
Thickness at 1~2 1~2 1.72+0.07 8.15+0.82

Pyramid part (monolayer) (monolayer) (nm) (nm)

It is worth noting that high crystal quality, high In content InGaN
QW can be formed with various thicknesses. A thick InGaN QW is
an important structure for bright and high power photonic devices
because the thick InGaN QWs can have less current density at a high
input current level, which improves the efficiency droop.® In the case
of a thin QW, we can expect high oscillator strength.* In addition,
the possibility of high quality QWs with a wide thickness range in
the core-shell structures enables to control the transition energy of
InGaN QWs in a broader range via QW thickness. Both thick and
ultrathin QWSs are not easy to form in c-oriented planar structures
using MOCVD, especially with a high In composition, since the
enlarged strain occurs many dislocations in thick QWSs to release
strain®!, and the fast growth rate in the c-plane makes it more
difficult to control the narrow thickness of QWSs. Furthermore, we
have also observed the formation of three-dimensionally confined
quantum structures at the top apex of nanostructures, and the
confined single quantum structures showed the possibility as
efficient single photon sources.*®

Broad photoluminescence (PL) emission from GaN/InGaN core-
shell nanostructures

An improved crystal quality and a morphological change of the
core-shell InGaN QWs have a strong influence on their optical
properties. In Fig. 3, we compared low temperature (10 K) PL
spectrum (log scale) of InGaN SQW and MQWSs grown on etched
nanostructures. Interestingly, the core-shell SQW and MQWSs show a
large difference in their emission wavelength. The PL spectrum of
the core-shell SQW shows a blue emission, while the core-shell
MQWs show a broad emission from blue to red. To explain the
exciton transition energy of InGaN QWs, we considered various
factors such as In composition, QW thickness (quantum confinement
effect), and polarization field (quantum confined Stark -effect
a3

a4 a5

b3 b4
CL (460 nm) CL (500 nm)

b5
CL (420 nm)
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Fig. 3 Comparison of PL spectrum at 10 K for core-shell SQW
(black line) and MQWs (red lines). Inset: photo images of the
core-shell SQW (top: blue emission) and the core-shell MQW
sample (bottom: cyanish white emission)

(QCSE)). As already shown in TEM images, the core-shell InGaN
QWs are grown on various semipolar facets and have various QW
thicknesses, leading to a reduction of built-in electric fields and a
change of quantum confinement effect. The In composition of in
core-shell nanostructures also depends on the vertical position.
Among these factors, the quantum confinement effect is one of
dominant reason for the blue emission in the core-shell SQW. The
modification of exciton transition energy by the quantum
confinement effect is less than 0.2 eV for the 1 nm thick QW.%¥
However, if we consider the low growth temperature, and thus high
In contents in InGaN QWs, the emission energy of the core-shell
SQW has a larger blue shift than we expected from Fig. 2g. This
indicates the thin InGaN SQW has lower In composition compared
to the thick InGaN QWs, which measured in Fig. 2g. This limited In
incorporation efficiency in a thin QW can be explained by the
compositional pulling effect.® The reduced quantum confinement
effect and improved In incorporation efficiency in a thick InGaN
QW can be confirmed by the core-shell MQW sample including
various QW thicknesses. In Fig. 3, the core-shell MQWSs have a very
broad PL spectrum compared to the core-shell SQW, and show
distinctive three peaks. The PL emission at 2.98 eV in the core-shell
MQWs originated from the first innermost, thinnest QW, which has
similar QW thickness and emission wavelength to the core-shell
SQW, and therefore, the low energy part of PL emission below 2.8
eV comes from the second and the third QWs in the core-shell
MQW with reduced quantum confinement effect and increased In

a6
+CL (;180 nm)
%0

a7
CL (620 nm)

Wavelength (nm)
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Pyramid tip part
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Fig. 4 (al-b7) SEM images and monochromatic CL images at various wavelengths for the core-shell InGaN MQWs. (al-a7) Top view
and (b1-b7) side view. (c,d) Point CL spectrum measured at (c) pyramid tip part and (d) column part.
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contents. In this low energy part of PL emission, there are two
distinctive peaks at 2.7 eV and 2.35 eV. These two peaks are
attributed to the InGaN emission from different positions, i.e., the
pyramid tip and column regions. As shown in Fig. 2g, the pyramid
tip has higher In content than the column part. We performed the
cathodoluminescence (CL) experiments at room temperature to
examine the emission property depending on the position of the
nanostructures. Fig. 4al-a7 (b1-b7) show SEM and monochromatic
CL images at top (side) view and at various wavelengths. As
expected, the pyramid tip of nanostructures emits longer wavelength
than the column part. The point CL spectrum in Fig. 4c,d also show
different emission wavelength between the pyramid and the column
part, which reveal the origin of the second (2.7 eV) and the third
(2.35 eV) peaks in Fig. 3. The CL data of core-shell SQW, showing
an emission peak at 2.9 eV, can be shown in Supplementary
Information (Fig. S2+). Therefore, together with various thicknesses
of InGaN QWs, the large variation in In composition enables a broad
spectrum without changing the InGaN growth temperature, resulting
in cyanish white color emission (inset in Fig. 3, Fig. S3f). To
confirm that the long wavelength emission around 2.3 eV is from the
QW emission, not from the yellow luminescence in GaN,*® we
performed the PL excitation (PLE) experiment and observed a strong
InGaN absorption signal, which is a strong evidence of InGaN QW
emission (Fig. S4+).

Carrier recombination dynamics of GaN/InGaN core-shell
nanostructures

A dramatic change between the core-shell and the planar InGaN
QWs occurs in their recombination dynamics. Fig. 5a,b show the
time- and wavelength-resolved streak images and the decay time
constants at 15 K for the core-shell SQW and the core-shell MQW:s
respectively. The decay time constants were simply obtained by
measuring the time corresponding to a reduction of the PL intensity
by a factor 1/e at each wavelength. In Fig. 5a, the core-shell InGaN
SQW shows a remarkably fast recombination time about 100 ps.
Nitride materials itself have a high oscillator strength due to the
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a Wavelength (nm) b Wavelength (nm) c
550 500 450 400 020 9 550 500 450 400 020 O
@
0158 Yetun 015 n
< Ses < =
010 = . sese, 010 = =
XA 0.05 3 0.05 3 _:
00 g 0003 5
50 300 2
£
0.2 2
250 =
|
0.4 o
0.6 200
o o
o 08 @
2 £ Fiso
—_— —_
> S
> 2
< <L
1.2 100

e N
T "
W\" WVMM !
z 5ﬁotoﬁsenez|‘ay (é\?’) 3 2 Pzr'fotof“isenezl‘ay (53\9) B

Integrated PL intensity (normalized) @

scale

semiconductors.*>** However, the strong polarization fields in QWs
separate the electron and hole wavefunctions and reduce the
oscillator strength, which is inversely proportional to the radiative
recombination time. In the case of the core-shell InGaN QWs, the
polarization fields are reduced due to the strain relaxation in the
vertical nanostructures and the small polarization discontinuities in
the semipolar facets.?® “2 In the core-shell MQWs in Fig. 5b,
although the thick QWs have a little bit longer recombination time
than the thin QWs, they also show fast recombination times. This is
a noticeable result and indicates again an ignorable QCSE in the
core-shell nanostructures. In the case of conventional InGaN QWs
grown on planar substrates, the QCSE rapidly increases with the In
contents and the thickness of QWs (Fig. S5%).® In the time
evolutions of PL emission, the core-shell QWs do not show a
distinctive spectral shift behavior with decay (Fig. 5a,b). The high
energy peak of the core-shell SQW at 3.27 eV shown after fast decay
(Fig. 5a) is attributed to the donor acceptor pair emission of GaN. In
the case of the core-shell MQW, although the second and the third
peaks from the thick InGaN QWs show a relatively longer decay
compared to the first, thinnest QW, each peaks do not show a peak
shift with time. This is in contrast to the planar QWs, having a large
red shift in their PL spectrum with time (Fig. S5t). Many
possibilities can be concerned for this spectral shift phenomenon in
InGaN QWs. Generally, InGaN QWSs possess a large potential
fluctuation induced by the local variation of In composition and well
thickness. Therefore, a carrier transport can occur during the
recombination from the higher energy to the lower energy, resulting
in a fast (slow) decay in the high (low) energy side of QW
emission.* However, both the core-shell and planar QW groups
have potential fluctuations by the inhomogeneous well width and In
composition, which means that carrier transport cannot be a
sufficient reason for the spectral shift phenomenon in the planar
InGaN QW. Another explanation is related to the built-in electric
field. The QCSE becomes severe at a low energy side since the low
energy side represents a large In content and a wide well width.*> 4
We already show the strong wavelength dependence of the
recombination time in Fig. 5c. Besides, the QCSE of QWSs can vary
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Fig. 5 (a,b) Streak images at 15 K for (a) the core-shell InGaN SQW and (b) the core-shell InGaN MQWs. Decay time constants at different
wavelength and time evolution of PL emission (log-scale) after pulse excitation are also shown above and below streak images, respectively.
(c,d) Temperature dependent PL spectrum for (c) the core-shell SQW and (d) the core-shell MQWs. (e,f) Comparison of (e) integrated PL
intensity and (f) measured recombination time constants as a function of temperature for the core-shell SQW (green circles) and the core-
shell MQWs (blue triangles). Calculated radiative recombination time constants are also plotted in (f) for the core-shell SQW (green open

circles) and the core-shell MQW:s (blue open triangles)
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with time due to the change of carrier density. At the initial stage of
the pulse excitation, the photo-generated large number of carriers
screens the QCSE, resulting in blue shift, and the screen effect is
reduced with decay time by the carrier recombination (red shift).
These mixed effects induce complex radiative recombination
behaviors and red shift the planar QW emission with time. We also
observed a peak shift in the planar QWs in the excitation power
dependent experiment, but no change in the core-shell QWs.
Therefore, we can conclude that the built-in electric field plays an
important role in the transition energy and the recombination
dynamics of InGaN QWs, and the core-shell nanostructures have a
negligible built-in electric field and high oscillator strength in the
broad spectral range, which are difficult to achieve in planar QWs.

Temperature dependent optical properties of GaN/InGaN core-
shell nanostructures

Finally, we confirmed the temperature dependence of the PL
intensity and the recombination time in order to estimate the
internal quantum efficiency (IQE) and extract the radiative
recombination time. Fig. 5¢,d show the temperature dependent
PL spectrum (log scale) from 15 K to 300 K for the core-shell
SQWs and the core-shell MQWs, respectively, and we plot the
integrated PL intensity of both samples as a function of
temperature in Fig. 5e. The ratio of PL intensity between the
low temperature (15 K) to each temperature (T) is related to the
IQE [ 5 (T)] of samples. The core-shell InGaN QWSs show IQEs

around 10 ~ 20 %. The core-shell QWSs are not grown at the
optimized conditions and thus the IQE can be improved further.
However, there is an important fact that the core-shell QWs
have uniform IQE within a broad spectrum range. This result is
related to uniform oscillator strength for the core-shell InGaN
QWs in Fig. 5b. Therefore, the core-shell InGaN QWs can have
high quantum efficiency even with high In contents and thick
QW thickness.

Next, we compared the measured recombination times of the
integrated QW emission with temperature in Fig. 5f, and it
shows temperature-insensitive recombination time. We also
plot the radiative recombination time as a function of
temperature. The radiative recombination time ( z, ) has a

relationship with the IQE (4 ) and measured recombination
time (e, ) s the following: 7, = 7,4 /7. Therefore, it can
be extracted from Fig. 5e and 5f with the assumption of » ~ 1

at the lowest temperature. In semiconductors, the radiative
recombination time increases with temperature due to the
spreading of the carrier distribution into the density of states.*’
The radiative recombination times of InGaN QWs are almost
constant below 100 K and then increase with temperature above
100 K. This is related to the quantum dot-like localized exciton
property®® at low temperature and the two dimensional QW
property®” at high temperature. Even at room temperature, the
core-shell QW samples show sub-ns fast radiative
recombination time due to the minimized built-in electric field.

Experimental section

Sample fabrication

To form GaN nanostructure templates, we prepared 2 um-thick Ga-
polar GaN films grown on 2-inch sapphire (0001) substrates using
MOCVD, and exposed the wafers to 1000 sccm HCI gas at a high
temperature of 1000 °C. In this CVE process, hot HCI gas
decomposes GaN into GaCl. N, gas was flowed as a carrier gas and
NH; was also used to control the etching speed. Generally, 5 min
etching forms 1 um-long GaN nanostructures in a whole wafer

6 | J. Name., 2012, 00, 1-3

uniformly. The pressure of the etching chamber was set at
atmospheric pressure. During the MOCVD regrowth process, all
InGaN QW:s and GaN barriers were grown at 680 °C and at 850 °C,
respectively, and other growth parameters for InGaN QWs were as
follows: P = 350 Torr, NH;= 10000 sccm, TMGa = 5 sccm, TMIn =
300 sccm.

Structural and optical characterization

We used SEM (Hitachi-S4800) and spherical aberration-corrected
SITEM (JEOL-ARM200F, 200 kV acceleration voltage) to observe
the nanostructure and QW images. The cross-sectional TEM samples
were prepared by mechanically polishing with an ion-milling process
(Gatan PIPS691) or focused ion beam milling (FEI Helios nanolab).
The In composition of InGaN QWSs was analyzed by using EDS
(Bruker, Qauntax 400), installed in TEM. For both the time-
integrated PL and time-resolved PL measurements, the samples were
mounted in a closed-cycle cryostat that maintains stable
temperatures from 10 to 300 K. A continuous-wave 325 nm He-Cd
laser and a high sensitive photomultiplier tube detector were used for
time-integrated PL. A 340 nm frequency-doubled, mode-locked (200
fs) Ti:Sapphire laser and a streak camera system were used to obtain
the time-resolved PL spectra. The FWHM of the instrument response
function of this system is less than 50 ps. Monochromatic CL images
(Gatan, mono4) were acquired at room temperature with an
acceleration voltage of 5 kV.

Conclusions

In the present work, we demonstrated the broadband visible-light
emitting GaN/InGaN core-shell quantum nanostructures, which were
formed on non-polar and semi-polar multi-facets by a dislocation-
eliminating CVE technique followed by MOCVD. From many
points of view, the core-shell InGaN QWs show lots of distinctive
advantages compared to the planar InGaN QWs. The CVE process
eliminates dislocations in the nanostructures and forms the high
crystal quality GaN nanostructure. The introduction of various
thicknesses of quantum wells and the multi-facets of the core-shell
nanostructures enables a broad spectrum of the entire visible range,
even with the single InGaN growth temperature. Together with
improved light extraction, the core-shell nanostructures show a high
quantum efficiency in a long wavelength region even at room
temperature due to their high crystal quality and negligible quantum
confined Stark effect. The minimized polarization fields in the core-
shell nanostructures induce ultrafast radiative recombination time
less than 200 ps in a broad spectral range, which is difficult to
achieve in the conventional InGaN quantum wells.

Although our self-formed core-shell nanostructures have a
variation in size and a random position compared to the pattering
growth method, the CVE method forms high density, dislocation-
eliminated core-shell nanostructures on a wafer level without
patterning process. Therefore, our approach suggests the practical
and favorable method to form dislocation- and polarization field-
eliminated core-shell nanostructures, and it may serve as a promising
platform for highly efficient phosphor-free white LEDs.
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