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We analyze epitaxially grown InGaN/GaN dot-in-a-wire heterostructures to relate growth and
design properties to trends seen in photoluminescence (PL) and resonance Raman spectra.
Temperature-dependent PL. measurement of these dot-in-a-wire heterostructures illustrate an
expected decrease in integrated PL emission and an unusual narrowing of peak width with increasing
temperature. Information extracted from Resonance Raman spectra was utilized in a time-dependent
model to analyze and to simulate PL spectra. These spectra were found to be in good agreement with
the experimental PL data and provided insight into the broadening mechanisms affecting the
samples. PL. measurements were taken as a function of position on the sample and radial variation of
peak energies was observed. This variation was attributed to the radial temperature gradient present
during nanowire growth. These additional characteristics of the nanowire heterostructures will allow
for increased understanding of these systems potentials for applications in white light emitting

diodes. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826618]

. INTRODUCTION

In recent years, the potential applications for nanowire
heterostructures in optoelectronic devices,' such as solar
cells,>* light emitting diodes (LEDs),S*7 lasers,® sensors,*!!
and photodetectors,”'? have been widely investigated. In par-
ticular, there has been a growing demand for low-cost, high-
efficiency, phosphor-free white light LEDs that can be made
on a single chip."® Epitaxially grown GaN nanowire hetero-
structures offer reduced defect densities and strain distribu-
tion, due to the effective lateral stress relaxation.'* In
addition, the nanowire structures can improve light extraction
efficiency due to the large surface-to-volume ratios.'>'®

Recently, InGaN/GaN dot-in-a-wire heterostructures
grown by radio frequency plasma-assisted molecular beam
epitaxy (MBE) have shown high light extraction efficiency
for white light emission.'” Quantum dots (QDs) embedded
in the GaN nanowire matrix have three dimensional carrier
confinement. This growth method allows for a high degree
of emission wavelength tunability by varying Indium compo-
sition (In; _,Ga,) and quantum dot size.

To fully exploit potential applications in optoelectronic
devices, further study on the spectral properties of these dot-
in-a-wire heterostructures is needed. The photoluminescence
(PL) and electroluminescence (EL) of InGaN/GaN dot-in-a-
wire nanostructures were recently investigated at room tem-
perature.'®'” We expand on these initial works by examining
temperature dependence of the PL spectra, variation in spec-
tral properties as a function of wafer position, and resonance
Raman intensity analysis.
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Raman spectroscopy plays an important role in optical
characterization of semiconductors.”® Parameters such as
band frequencies and intensities, line shape, and linewidth
can be extracted from Raman spectra. We present room
temperature resonance Raman spectra of InGaN/GaN dot-
in-a-wire heterostructures and employ information obtained
from them to model the corresponding PL spectrum. These
experiments reveal two contributions to the origin of the
spectral width: homogenous broadening via phonon cou-
pling, and inhomogeneous broadening due to growth
conditions.

Il. EXPERIMENT

InGaN/GaN dot-in-a-wire heterostructures were epitax-
ially grown on Si(111) substrates. The details of the growth
procedure can be found elsewhere.'*! Here, we present two
heterostructures with different quantum dot environments.
Both systems consist of GaN nanowires grown perpendicular
to the Si surface; one system has one InGaN quantum dot per
nanowire, while in the other there are ten InGaN quantum
dots vertically stacked in each GaN nanowire (Fig. 1). For
the remainder of the paper, we will refer to these two sys-
tems as the one dot and ten dot samples. Each dot has a
height of ~3 nm and in the ten dot sample have a GaN bar-
rier layer between dots. Quantum dots are completely con-
fined within the GaN nanowires.

The temperature dependent PL spectra were collected
with a FluoroMax-2 spectrometer. The excitation wave-
length was 405 nm (photon energy of 3.06 eV), and the emis-
sion wavelength was scanned from 415 to 800 nm. A Janis
(STVP-100) flow cryostat was used to cool the wafer
between 300 and 80 K.

© 2013 AIP Publishing LLC
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FIG. 1. Schematic diagram of 10 InGaN/GaN dots. GaN nanowires are
grown on the (111) surface of Si wafers. InGaN QDs are represented by tri-
angles in the center of the nanowires. The above figure represents a 10
InGaN QD system, but variability in quantum dot number per nanowire in
different samples is represented by dashed lines in QD region.

Photoluminescence spectra were also measured across
the surface of the sample. A 445 nm diode laser was used to
take PL measurements every 2 mm in a grid pattern both ver-
tically and horizontally, allowing us to create a PL “map” of
the sample. The Jacobian transform was used to convert all
absorption and PL measurements from wavelength to energy
units (eV).

Resonance Raman spectra were collected at room tem-
perature (292 K) using a frequency doubled CW Ti:sapphire
laser system with excitation wavelength of 362.3 nm (photon
energy of 3.42eV) and power of 80-90 mW. The beam was
focused on the sample resulting in an intensity of about
5% 10°W/cm?. The Raman signal was detected with a
cooled Princeton Instruments CCD (ST133 Controller) con-
nected to a 0.5m Jobin Yvon Double Raman (U1000)
spectrometer.

lll. RESULTS AND DISCUSSION

Photoluminescence spectra at room temperature for
both one and ten dot samples are shown in Fig. 2. Their
peak emission energies are 2.167 and 2.198eV and their
full width at half maximum (FWHM) values are 282 and
413 meV, respectively. The FWHM values include contribu-
tions from both homogeneous and inhomogeneous broaden-
ings. The homogeneous linewidths are expected to be same
for both samples as they are intrinsic to the system; how-
ever, the ten dot sample should have a larger inhomogene-
ous linewidth because it includes a distribution of quantum
dot sizes.

Figures 3(a) and 3(b) show the temperature dependent
PL spectra for both one and ten dot-in-a-wire samples,
respectively. The integrated peak value (Fig. 3(c)) and
FWHM (Fig. 3(d)) of the PL signal with temperature are also
plotted, both properties decreasing with the increasing tem-
perature. While the reduction in integrated peak area with
temperature is expected,”” the reduction of FWHM is
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FIG. 2. Photoluminescence spectra of (a) 1 dot sample and (b) 10 dot sam-
ples, respectively. Full width half maximum values are shown.

uncommon.”** The temperature dependence of PL can be
qualitatively understood as arising from thermal escape of
excitations from dots at higher temperatures, which inhibits
radiative recombination.”>** A similar explanation can be
invoked to explain the unusual decrease in the FWHM of the
sample with increasing temperature. It has been proposed in
the literature that there is a uniform energy barrier to the wet-
ting layer, such that the activation energy required for escape
will vary from dot to dot based on the size distribution.’
Thus, as temperature increases, excitons at shallow potential
minima can more easily be thermally activated, resulting in
escape from these dots. The result is that as temperature
increases, the contributions to higher energies in the PL
spectrum are most efficiently removed, resulting in a
decrease in FWHM.? Tn addition, in the case of the ten dot-
in-a-wire sample, carrier hopping between dots results in a
flow of carriers to dots with higher binding energies,?® as
does the greater likelihood of tunneling out of smaller dots,?’
resulting in a narrowing of the PL spectrum from the high-
energy side greater than that expected for one dot-in-a-wire
sample (Fig. 3).

Next, Raman spectra were obtained for both samples.
After subtraction of the PL background, clear Raman peaks
of fundamental, and first overtone of the longitudinal optical
(LO) phonon modes are visible in the spectra of both sam-
ples at about 730cm ™' and 1460 cm™'. These peaks were fit
to Gaussian functions. Both experimental data and fits are
presented in Fig. 4(a). The single intensity of the LO phonon
modes of the InGaN alloy is resonantly enhanced via the
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FIG. 3. Time dependent PL spectra for (a) 1 dot and (b) 10 dot-in-a-wire samples. Integrated peak area (c) and FWHM (d) of the photoluminescence with tem-

perature, black squares 10 dot sample and red circle 1 dot sample.

Frohlich interaction under the near resonant conditions of the
experiment.”®?° The ratios of overtone to fundamental inte-
grated intensities were determined to be 0.439 and 0.576 for
one and ten dot-in-a-wire samples, respectively.

To gain insight into the physical properties of system,
time-dependent modeling of the resonance Raman intensities
was accomplished by using the Raman cross section
formula,30

G0—m(E)) x EXE,

+00
J e%ME’*E“)FF’]S%(—l)m(m!)*%
0

2
« (e—iwt . l)me[—S(l—e’[w’)]dt

ey

where E; and E; are the incident and scattered photon ener-
gies, Eq is the energy separation between the lowest vibra-
tional levels of the ground and excited electronic states,  is
the resonance Raman shift for LO mode, which is 730 cm ™!
in our samples, and T is homogeneous linewidth. § = A%/2,
where A is the displacement of ground- and excited-state
harmonic surfaces. The index of m shows the vibrational
level of ground electronic state takes one and two for funda-
mental and first overtone phonon correlation.

Values of I were estimated from the literature val-
ues®!?? for the homogeneous linewidth at room temperature,
while an estimate of Eq which produced good results in both
samples was obtained by averaging the absorption and fluo-
rescence maxima for the ten-dots-in-a-wire sample. Using
these values, we find that the above overtone/fundamental
ratios can be reproduced with a value of S=3.06 for both
samples. Since the Raman intensity ratio is only a weak
function of I', any resulting error in the inferred value of S is
small.>® Therefore, we can use this value of S for both sam-
ples with the same I to find their different values of inhomo-
geneous broadening. For this purpose we use the PL cross
section formula®*-**
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where Eg is the energy of the emitted photon and @ is the in-
homogeneous linewidth. Values of ® were obtained as
50meV and 120 meV for one and ten dot-in-a-wire samples,
respectively. With these results, PL spectra were modeled
using the same time-dependent theory of Heller et al. and
using these same calculated parameters obtained from the
Raman spectra. The model PL spectra thus obtained showed
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FIG. 4. Raman spectrum fit to a Gaussian is shown in (a) for 1 dot and (b) for 10 dot samples. The PL simulated from the model applied to the Raman data is
compared to the PL spectra for 1 and 10 dot samples in (c) and (d). All experimental data are black curves, fits are coloured lines.

good agreement with the experimental results (Figs. 4(c) and
4(d)), providing a consistency check to our work.

We also explored variations of PL properties as a
function of excitation position to elucidate the influence
of growth conditions on nanowire properties. PL spectra
from two different CW excitation sources—xenon lamp
and diode laser—with the same excitation wavelength
(405nm) are shown in Fig. 5(a). The PL peak produced
by the xenon lamp excitation is broader the one produced
by the diode laser, which may be attributable to variations
in excitation position and spot size between the two
beams.

The samples were fabricated on a circular wafer. The
portion analysed was approximately a quarter of the full
circle. The variation in PL was systematically investigated
by measuring the PL of the ten dots-in-a-wire sample along
X, the chord, and y, perpendicular to the chord at 2 mm
intervals. As it is shown in Fig. 5(b), there is a decrease of
the peak energy of the PL signal from the center to the
edge of the wafer. Integrated peak values (not shown) show
a similar, decreasing trend; however, FWHM of PL signals
show a radial increase from the center to the edge of the

sample. These results are consistent with the hypothesis that
during synthesis, a radial temperature gradient is present on
the substrate surface.>> This temperature gradient may con-
tribute to the broadening of the overall emission of a single
wafer as different regions of the sample way have a higher
In content than others. A broad emission bandwidth in the
visible spectrum is desirable for white light emission
applications.

Figure 6 shows the Commission Internationale de
I’Eclairage (CIE) diagrams of the two samples. These spec-
tra give a mathematical description the red-green-blue
(RGB) colour spectrum and plot this in the CIE XYZ color
space. These plots can be used to determine what perceived
color would be emitted from a given PL spectra. The open
circles on the respective plots were generated by loading
the PL spectra obtained into the CIE algorithm, the result-
ing circle corresponding to the color of the emission. Both
the ten and one dot samples emit in the yellow/green part
of the spectrum. This result shows that further control of
the temperature gradient can be examined to obtain a dot-
in-a-wire LED that is “whiter” according these color
specifications.
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FIG. 5. (a) PL spectra of 10 dot sample with 405 nm diode laser (black dashed
line) and 405 nm Xenon lamp (red solid line). (b) Peak PL intensity and (c)
FWHM of PL peaks across the sample taken with a 445 nm diode laser.

IV. CONCLUSION

Inhomogeneous broadening caused by incorporating ten
InGaN quantum dots in GaN nanowires may be exploited to
improve the prospects of nanowire heterostructures as white
light sources for LEDs. The integrated peak area and FWHM
of the PL signal decreased with temperature. The PL spectra
modeled using the parameters calculated from time-dependent
theory and Raman intensities showed good agreement with
the experimental PL results. A study of the position-
dependence of PL shows that the variations in optical proper-
ties from center to edge of samples may be attributed to the
temperature gradient which occurs in the growth process. To
increase PL efficiency, further characterization of the sample
will be essential. Time dependent PL spectra, measuring the
lifetime of the photoluminescence, will give a better indica-
tion of the feasibility of the samples as a white light source.
Also, further control over growth conditions will be needed to
produces samples with a comparable emission quality to
standard warm white color used in conventional lighting.
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FIG. 6. CIE color spectra of (a) 1 dot and (b) 10 dot samples. Open circle
indicated color of emission.
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