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Gallium nitride (GaN) and its derivatives are important materials for Anisotropic two-photon absorption
optoelectronic and electronic applications, such as light-emitting diodes, solid-state lasers, 104 ' o
optical modulators, artificial photosynthesis, etc. Controlled growth and manipulation of Sost&k T :
these materials at nanoscale dimensions and understanding their linear and nonlinear 8ol Ny T il
optical properties lay the foundation for developing next-generation optoelectronic and g 0al 1
electronic devices. In this context, herein, we report on the two-photon absorption and E Eoal 1
anisotropic two-photon excited photoluminescence of InGaN (IGN) nanowires grown by l_ N
molecular beam epitaxy. The IGN nanowires were imaged using a home-built two-photon oL s ]

photoluminescence microscope with a tunable femtosecond laser to excite over the near- 700 Wafjgngth ?,?rg)
IR range (690—950 nm). In addition, the polarization angle of the excitation electric field

was also rotated, and the emitted photoluminescence was analyzed with a polarizer. Results showed polarized photoluminescence
with a stronger signal in the direction perpendicular to the IGN nanowires” axis. Also, we observed strong two-photon absorption
above the bandgap, with several excitation spectrum peaks near 740, 790, and 870 nm. These peaks showed anisotropic response to
the excitation polarization angle, which may be due to the anisotropy of the IGN nanowires” wurtzite phase. The polarized light
absorption and emission nature of IGN nanowires, as revealed in this work, may be useful for optimizing materials for future

optoelectronic device applications.

InGaN nanowires, two-photon absorption, anisotropy, optical constants, spectroscopic ellipsometry

which results in anisotropic electric dipole transitions along
and normal to the hexagonal axis.'*7!° Nanowires with
diameters on the order of several nanometers will show a
quantum confinement effect on the electron energy levels in
the normal direction of nanowires. When nanowires” diameters
are on the order of tens of nanometers, such a quantum effect
is minimal. Instead, the dielectric constant mismatch between
the nanowires and their environment is anisotropic.”’18
Nonlinear optical phenomena have a broad range of
applications in modern technologies, such as optical
communication and quantum information.'” Nanostructures

h itrid . cularl , have great advantages over bulk or thin-film materials due to
these group-Ill-nitride nanowires, particularly IGN nanowires, their small scale and flexibility to be fabricated by design, e
are promising candidates for optoelectronic and light energy Y cesigh, €8,
metamaterials. Optical absorption and photoluminescence
harvesting applications.'”"" o . .
ires’ ph . licati . ) (PL) spectroscopic studies of nanowires have revealed energy
In nanowires' photonic applications, one important aspect is levels, quantum transitions, and the influence of size.”’">* The
the presence of polarization-related optical phenomena, ie, IGN nanowires and quantum dots are potential candidates for
the light emitted or absorbed by nanowires depends on the

orientation of the nanowires."”"® Such polarization-sensitive

phenomena originate from both atomic and macroscale January 27, 2023
anisotropy. The IGN nanowires are typically grown in the April 20, 2023 4 (
hexagonal wurtzite (WZ) structure,”>™'* where the c-axis is May 2, 2023 d
along the nanowire axis. This WZ structure is thermodynami- \
cally stable and has uniaxial symmetry. Thus, the electronic -
band structure of WZ semiconductors is inherently anisotropic,

Gallium nitride (GaN) has been widely used as the
semiconductor platform for electronic and optoelectronic
applications.' ™ Adding indium (In) to GaN to form ternary
InGaN (IGN) can systematically tune the semiconductor
bandgap, thus leading to broad applications.”> One challenge
is the large lattice mismatch between GaN and InN (~10%),
which makes it difficult to grow high-quality InGaN crystals.
One approach to relax this mechanical strain is to utilize the
nanowire structure, which has demonstrated high quantum
efficiency for optoelectronic device applications.” ® Overall,
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integrated nonlinear optical devices directly grown on
silicon."®** Preliminary studies on second harmonic gen-
eration and two-photon excitation in InGaN/GaN materials
have revealed the absorption bands and crystallographic
orientation.”* "> In this work, we examined the two-photon
PL excitation (PLE) spectra of IGN nanowires under different
excitation light polarizations and also studied the polarization
of the emitted light (Figure 1). Our results revealed the
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Figure 1. Two-photon PL microscopy setup. DM: dichroic mirror,
PMT: photomultiplier tube.

anisotropic resonant excitation of nanowires under normal and
parallel directions to nanowires. The polarized light absorption
and emission nature of IGN nanowires, as presented and
discussed in this paper, may be useful for optimizing materials
for future optoelectronic device applications. Furthermore,
because efforts on using ellipsometry studies or establishing
optical constants of IGN nanowires are scanty in the literature,
we performed comprehensive spectroscopic ellipsometry (SE)
studies. The primary advantage of SE is its ability to determine
the material’s complex dielectric function, which provides
crucial information about the material’s optical properties.
Therefore, we believe that the dispersion behavior of optical
constants and dielectric function, along with the two-photon
absorption measurements, make the study complete and useful
for considering these IGN nanowires for optical and
optoelectronic device applications.

The IGN nanowires with an areal density of 10'* to 10" cm™ were

grown on an n* Si(111) substrate in a plasma-assisted molecular beam
epitaxy system.”**>**” The Si substrate was thoroughly cleaned with
acetone, isopropanol, and DI water for 10 min each. Then the
substrate was dipped into a buffered HF solution for oxide removal.
Inside the lode-lock and buffer chambers, the substrate was heated at
200 and 500 °C to remove water vapor and organic contaminants,
respectively. In the growth chamber, the substrate was first heated up
to 900 °C for oxide desorption and then cooled down to 800 °C. At
this temperature, the growth was initiated with Ga droplets, followed
by ~5—10 nm GaN nanowire nucleation layer. After that, the
substrate temperature was lowered to 600 °C to grow IGN nanowires.
Throughout the growth process, a constant N, flux of 1 sccm was
maintained for the N, rich growth regime. Ga and In fluxes were kept
at 1.18 X 1077 and 6.5 X 107® Torr to get the desired green emission.
The chamber pressure was 8 X 107 Torr during the growth process.

2.2.1. Scanning Electron Microscopy. A Hitachi SU8000 cold
field emission scanning electron microscope was employed to image
the surface morphology of as-grown IGN nanowires. The sample was
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fixed on a 45° slant sample holder to get a bird’s-eye view of the IGN
nanowires.

2.2.2. X-ray Diffraction. The IGN nanowires were analyzed using
X-ray diffraction (XRD) with a Malvern Panalytical Empyrean Nano
edition multipurpose X-ray diffractometer in Bragg—Brentano
reflection geometry. The 6/260 scan was performed using a Cu Ko
X-ray source (0.154 nm) with a step size of 0.01° and an integration
time of 0.6 s/step.

2.2.3. Absorbance/Reflectance. Reflectance measurements were
made using a V-770 UV—visible/NIR spectrophotometer (Jasco Inc.)
in integrating sphere mode for thin films. The Kubelka—Munk (KM)
model was then used to calculate an approximate absorbance
spectrum of the IGN material. The KM formalism,”® which proved
to be quite useful to study the optical and optoelectronic materials,””
was applied to calculate the absorption data of IGN nanowires from
its diffused reflectance spectrum. The KM function is defined as*®

K

_ K _ (1 = R)?
FR) = S 2R (1)

Here, F(R), K, S, and R represent the KM function, absorption
coeflicient, scattering coefficient, and reflectance, respectively.

2.2.4. Spectroscopic Ellipsometry. The SE measurements were
done using a Semilab SE-2000 at a 70° incident photon angle under
atmospheric conditions. The experimental parameters, namely the
angles ¥ (azimuth) and A (phase change), were measured. By
measuring these relative changes in the amplitude and phase of the
linearly polarized monochromatic incident light upon oblique
reflection from the IGN sample surface, appropriate models were
used to investigate the optical constants of the IGN nanowires. The
spectroscopic data were analyzed and modeled in Analyzer v1.6.6.2.

2.2.5. One-Photon PL. For one-photon PL measurements, the
sample was excited at room temperature using 325 nm photons from
a He—Cd laser. The emitted signal was passed through a
monochromator with 0.03 nm resolution and detected by a
photomultiplier tube (PMT) detector.

2.2.6. Two-Photon PL. The nonlinear optical properties of the
samples were investigated at room temperature using a two-photon
PL microscope developed and built in-house by the UTEP Photonics
Laboratory. A tunable IR laser source (Mai Tai HP, Spectra-Physics)
was used to excite the nanowires; the emitted light was collected by a
60%/1.20 NA water-immersion objective (Olympus). Image reso-
lution of the above setup was 0.67 pm/pixel. The instrument’s green
channel (542/27 nm bandpass, Semrock) was used for two-photon
PL analyses. To image the nanowires from the side, the substrate was
mounted vertically on a metal block, and a glass coverslip was secured
over the block and substrate edges. To investigate polarization
excitation anisotropies, a multi-mirror setup was built to control the
angle of polarized light entering the microscope and orient the
excitation E-field parallel or perpendicular to the nanowire growth-
direction axis (see red and blue arrows in Figure 1). Two-photon
excitation spectroscopy was performed across 690—950 nm at 10 nm
intervals using approximately 4 mW of excitation power at the sample.
For each scan, two spectra were captured using excitation polarization
perpendicular (E,) and parallel (E;) to the nanowire, as described
above. Data analysis was performed using Image], MATLAB, and
custom Python scripts. Raw micrographs were background-
subtracted, sectioned into regions, and the mean intensity value
extracted for each wavelength and polarization state. Mid-sized (10
pixels wide regions, ~200 nanowires) and small (1 pixel wide regions,
~20 nanowires) ensembles were analyzed. To compensate for small
amounts (<1 gm) of sample movement in the normal direction of the
substrate that occurred during scanning, regions were averaged over
~3 pixels in this dimension.

Scanning electron microscopy (SEM) images revealed the
hexagonal cross-section of these IGN nanowires with a
diameter of about 30—50 nm, height of about 300 nm, and
density of about 300/um? (Figure 2a). This hexagonal cross-
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Figure 2. IGN nanowire characterization. (a) SEM image. (b) Absorption spectrum determined from reflectance
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Figure 3. (a) Two-photon PL image of IGN nanowires. (b) Two-photon (TP) excited PL emission spectrum (solid line) vs one-photon (OP)
excited PL spectrum (dash line) of the nanowires. (c) Polarized PL intensity under parallel (blue squares) and perpendicular (red triangles)
excitation with a rotating polarizing analyzer. Zero degree is the direction parallel to the nanowires’ axis. The two lines are fitting curves using a sine
function. (d) Polarized anisotropic PL intensity (p) from 690 to 950 nm. The red triangles and blue squares are averaged values of raw data points
for perpendicular and parallel excitation, respectively, and the shaded regions indicate error bars (+o, standard deviation).

section indicates these nanowires grow along the c-axis, which
is perpendicular to the surface of the Si substrate, with a
maximum deviation angle from the normal direction of less
than 20°. The XRD pattern, shown in Figure 2d, indicates the
monocrystalline nature of as-grown IGN nanowires. The
dominant peak corresponding to (002) orientation is due to
the growth along the c-axis. A high-resolution scan around the
primary (002) peak (shown in the inset) identified the peaks
corresponding to the seed GaN layer and the IGN nanowires.
The reflectance absorption spectrum showed several distinct
absorption peaks appearing at 311 nm (3.99 eV), 360 nm
(344 eV), 373 nm (3.32 eV), 446 nm (2.78 eV), 592 nm (2.09
eV), and 929 nm (1.33 eV) (Figure 2b). The peak at 360 nm
corresponds to the band gap of GaN, which is the buffer layer
(~5—10 nm thickness) for growing IGN nanowires on Si
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substrates. Absorption peaks at longer wavelengths are most
likely due to nanowire absorption. Of particular interest are the
two peaks at 373 and 446 nm, as these energy levels fall in the
two-photon excitation wavelength range in this work (red
shade). One-photon PL spectrum showed a peak at 547 nm
(2.27 eV), with full width at half-maximum (FWHM) of 76
nm (Figure 2c). Compared with literature values, this emission
peak wavelength suggests an In concentration of approximately
x = 0.3 for In,Ga,_,N system (x = 0.28—0.43 based on Hahn
et al.’® and x = 0.25—0.3 based on Kuykendall et al.*").
Under two-photon excitation at a wavelength of 730 nm,
these nanowires also showed strong PL signals (Figure 3a).
This is a side view of nanowires with a Si substrate in the
bottom half. The pixel size in this image is about 600 nm, thus
each pixel contains about 20 nanowires. This resolution is
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Figure 4. Two-photon PL excitation spectra from 690 to 950 nm with different polarizations E; (red) and Ej (blue). (a) PLE spectra of ~200
nanowires. Raw data (open triangles and squares), fitting sum result (solid lines), and background and peak components (dashed lines). (b) PLE
spectra of one single-pixel wide regions from the raw images (~20 nanowires).

determined by the sampling rate of the electronics while the
laser beam is scanning across the sample. The actual optical
resolution is determined by the Abbe diffraction limit ~0.6 1/
NA, which is about 200—300 nm. The two-photon excited PL
spectrum was measured with a spectrometer (Ocean Optics,
FLAME), as shown in Figure 3b. Basically, this spectrum is
very similar to the one-photon PL spectrum (Figure 2c), with a
peak at about 540 nm. Clearly, there are differences between
the one-photon and two-photon excited PL spectra. The most
noticeable one is that the FWHM of the two-photon PL
spectrum (solid line) is only about 55 nm, while the FWHM of
the one-photon spectrum (dash line) is about 76 nm. Also,
there are different small peaks in both spectra. Such differences
have been observed in other nanomaterials.*> The origin of
these differences is most likely due to different quantum
pathways. First, electrons will be excited from the valence band
into the conduction band. In the one-photon experiment, the
excitation laser has a wavelength of 325 nm, while the two-
photon excitation laser wavelength is at 710 nm. Also, the
quantum selection rules are different for one-photon and two-
photon absorptions. In two-photon absorption, the extra
photon carries extra angular momentum, thus electrons will be
excited into different energy levels from one-photon
absorption. Further relaxation and radiative recombination
processes could also be different between one-photon and two-
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photon excited electrons and holes. Detailed investigation on
this topic is beyond the scope of this work.

Analyzing the PL polarization with a polarizer in front of the
PMT showed that the emitted light intensity was higher when
the emitted light was perpendicular to the nanowire c-axis
under both parallel (E;) and perpendicular (E,) excitation
with the same laser power (Figure 3c). One thing to notice is
that the emission intensity under parallel excitation was lower
than that under perpendicular excitation. The degree of
anisotropy on the emission polarization angle can be quantified
using the equation

p=1- I||)/(IL + I||) 2)

where I, and I are emission intensities when emitted light is
perpendicular or parallel to the nanowire axis, respectively.
Under perpendicular excitation (E, ), p is about 0.13 compared
to about p = 0.0S under parallel excitation (E;) at the 700 nm
excitation wavelength. When the excitation wavelength was
scanned from 690 to 950 nm, this anisotropic emission was
found to be consistent throughout the range by analyzing
hundreds of single-pixel values in the raw images (Figure 3d).
Because these nanowires have large diameters (30—50 nm), it
is expected that the quantum confinement effect is minimal
and that the classical effect (dielectric constant mismatch) and
crystal structure anisotropy would contribute to this polar-
ization anisotropy. The dielectric constant mismatch will lead

https://doi.org/10.1021/acsaom.3c00038
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Table 1. Summary of Fitted Parameters for Two-Photon Excitation Spectroscopy PL Intensity Data

I —1
Parameter Aexcitation (M) Energy (eV) FWHM (nm) Intensity (a.u.) p = <Il—+l">
L I
E. &8 734 1.69 23.9 0.167
Peak 1 0.765
£, & 746 1.66 15.7 0.0222
E, B 797 1.55 60.3 0.256
Peak 2 0.286
£, & 796 1.56 474 0.142
E. 874 1.42 455 0.162
Peak 3 0211
E, & s 141 52.5 0.105
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Figure S. (a) Diffuse reflectance spectrum of IGN nanowires in the broad range of wavelengths. (b) One-photon absorption spectrum determined
from reflectance measurements using the KM model, a subset of in the range of two-photon excitation PL spectra measured. Wavelengths are
marked at the locations of peaks observed in two-photon excitation spectra.

to reduced emission intensity in the perpendicular direc-
tion,""® i.e., I 1 < Ij, which is contrary to our observation here.
Thus, this phenomenon of I, > I is most likely due to the
energy splitting of ground states in wurtzite crystal. Also,
donor- and acceptor-bound excitons can contribute to this
polarization effect.®® More detailed studies are needed to
examine the exact atomic-level origins of this anisotropy. InP
nanowires with a diameter ~1 pm in wurtzite phase also
exhibit polarized emission perpendicular to the nanowire c-
axis.™*

We further scanned the two-photon excitation wavelength
and polarization in the range of 690—950 nm to obtain the
two-photon PLE spectra (Figure 4). Ensemble averaged
spectra from different regions showed two-photon absorption
above the IGN bandgap with three peaks near 740, 790, and
870 nm under both parallel and perpendicular polarizations
(E“ and E,) (Figure 4a). Clearly, these PLE spectra are
anisotropic among different polarizations. There were sub-
stantial sample variations among nanowires, which resulted in
significant inhomogeneous broadening in spectral peaks.
Therefore, the spectra from six distinct single-pixel signals in
such images (~10 nanowires in linear dimension) are plotted
in Figure 4b. The increased contrast and narrower peak widths
are the expected result of reduced inhomogeneous broadening.
Considerable variation in peak position (energy) and relative
intensity was observed in this small-ensemble analysis, with
some pixels clearly showing all three peaks and others only one
or two strongly. The wider peaks seen in the larger ensembles
(Figure 4a) are the result of averaging over the larger ~100-
nanowire regions. To quantify these spectra, we performed
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Gaussian fitting with three peaks and a background exponential
curve on both polarization data sets (Figure 4a). The fitted
curves are plotted in Figure 4a, and quantitative results are
listed in Table 1 with overall * > 0.96. When the excitation
electric field was perpendicular to the nanowire c-axis (E,), all
three peaks showed higher emission intensity than those when
the excitation electric field was parallel to the nanowire c-axis
(E). Calculated p values for all three peaks are listed in Table
1, with p = 0.765 for the peak near 740 nm, p = 0.286 near 790
nm, and p = 0.211 near 870 nm. The two peaks around 790
and 870 nm exhibited a similar level of anisotropy (p) that was
much lower than the anisotropy level of the peak near 740 nm.
When compared to the absorption spectrum, they were seen to
occur in a lower energy region distant from the prominent
GaN peak near 3.4 eV (Figure Sb, marked with their
approximate one-photon excitation wavelengths, 395 and 435
nm). This high degree of two-photon absorption peak
anisotropy at 740 nm can be explained by the anisotropic
transitions in the wurtzite GaN buffer layer, where the ground
exciton states are split by crystal field spin orbit coupling.'®
These excitons can diffuse into IGN nanowires due to the
type-I band alignment at the GaN/InGaN interface and decay
through radiative recombination afterward. In contrast, the two
peaks in the IGN absorption spectral region had a much lower
degree of anisotropy, although these IGN nanowires also had
the wurtzite structure. Comparing with pristine GaN crystals,
the number of defect states is much higher in IGN nanowires.
These defect states could affect the electronic absorptions
parallel and perpendicular to the c-axis in this wurtzite
structure. Dielectric constant mismatch in the perpendicular
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Figure 6. Ellipsometry data and modeling of IGN nanowires. (a)b) Measured (blue circles) spectral dependence of ¥ and A along with model
(solid red line) for IGN nanowire samples. (c) IGN sample physical model constructed (based on characterization) for ellipsometry data analyses

and modeling of the optical properties.

direction also leads to reduced light absorption,"” which is
similar to the case of light emission mentioned above. Hence,
the origin of this two-photon absorption anisotropy is similar
to that of radiative recombination. A similar polarized light
one-photon absorption phenomenon has been observed from
InP nanowires with comparable size.*®

One more noticeable difference between these two peaks
and the GaN peak is that their peak FWHM was much
broader, about 50 vs 20 nm. This wide inhomogeneous
broadening of IGN nanowire peaks can be attributed to the
large variations of the nanowires’ geometry and compositions.
These three peaks also have different peak heights. The peak at
790 nm was consistently higher than the peak at 870 nm. From
these relative peak heights, we can qualitatively estimate the
oscillator strength of each transition among IGN peaks. For the
peak at 740 nm, the peak height fitting result shows large
variations. Possibly, the excitation efficiency in this thin buffer
layer varies among different regions.

We have observed both polarized absorption and emission
from IGN nanowires grown on a Si substrate. Our results
showed that in the perpendicular direction two-photon
absorption and PL emission are stronger. The mechanism is
due to the anisotropic crystal structure in the wurtzite phase,
which results in anisotropic selection rules. Several previous
studies have shown that light absorption and emission are
more prominent in the parallel direction of the IGN nanowire
axis.'®*® The existence of such discrepancy indicates that many
other factors can contribute to light absorption and radiative
recombination. Defects are common among nanostructures.
For instance, wide-bandgap wurtzite ZnO nanowires show a
significant green emission peak other than the main exciton
emission peak in the UV wavelength range.”” The intensity of
this UV peak has its maximum parallel to the c-axis, while the
intensity of the green emission peak has its maximum
perpendicular to the c-axis. This green emission is from trap
states, where surface-trapped holes can recombine with
electrons in oxygen vacancies.

Disorder or localized states are also responsible for radiative
and non-radiative recombination.’**® Atomically, IGN is
inhomogeneous with many In—N condensates. These In—N
condensates trap holes to form localized excitons and
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radiatively recombine.’® Excitons could couple to a larger
density of disorder states, which can absorb light and decay
non-radiatively to excitons.”” It is highly possible that these
disorders and localized states have different symmetry and
selection rules. Donor-bound excitons and phonon-assisted
optical transitions can also modify the selection rules of
radiative recombination due to the impurity site symmetries
and phonon symmetries.***’

Along with the anisotropic two-photon absorption character-
istics of IGN nanowires, we have investigated their wavelength-
dependent tailoring of optical constants and dielectric
functions. IGN nanowires’ optical constants were primarily
derived from SE, which quantifies the differences in amplitude
and phase between linearly polarized monochromatic incident
light and its oblique reflection from the IGN sample
surface.*’ ™ The angles ¥ (azimuth) and A (phase change)
measured (Figure 6) from SE are connected to the

microstructure and optical characteristics, as defined by*'~*

p =R,/R = tan ¥ exp(iA) 3)
where R, and R, are the complex reflection coeflicients of the
light polarized parallel and perpendicular to the plane of
incidence, respectively. Based on the best fit between
experimental and simulated spectra, the spectral dependencies
of the ellipsometric parameters ¥ and A (see Figure 6a)b,
respectively) and can be fitted with the appropriate models to
extract the optical constants, i.e., the refractive index (n) and
extinction coefficient (k). The Levenberg—Marquardt regres-
sion procedure was applied in this instance to minimize the
mean-squared error (MSE)*"**

2

st - L [[ G = 400
2N - M5 Ul;,‘xP
2
(Aexp - Acalc)
+ fxp
N

‘ 4)
where W, W and A, A are the measured

(experimental) and calculated ellipsometry functions, N is
the number of measured ¥, A pairs, M is the number of fitted
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parameters in the optical model, and ¢ are standard deviations
of the experimental data points.

The creation of an optical model of the sample, which often
accounts for a number of discrete layers with individual optical
dispersions, is necessary to extract useful physical/optical
information from ellipsometry.*' =* Interfaces between the
discrete layers constitute optical boundaries at which light is
refracted and reflected according to the Fresnel relations. In
Figure 6¢, a schematic representation of the stack model that
was utilized to generate spectra in order to ascertain the optical
constants of IGN nanowires is presented. The IGN nanowires,
the interface, and the Si substrate were located in the model as
indicated. Empirical parameterization was done using the
Tauc—Lorentz (TL) model, which is based on the Tauc
expression for the imaginary part (e,) of the dielectric
function.*' = For a sin§le transition, the complex dielectric
function &, is defined as™**

2 222 202
(E* - E, )"+ CE* E (s)

&,(E) =

where E, is the resonance energy, E, represents band gap
energy, E photon energy, and A}, C are the amplitude and
broadening coeflicient of &, peak, respectively. The afore-
mentioned model made it possible to determine the optical
constants, n and k, of the IGN nanowires. Figure 7 shows the
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Figure 7. k(1) and n(2) dispersion profiles of IGN nanowires.

variation of optical constants, namely the refractive index,
extinction coefficient, and dielectric function, of IGN nano-
wires. The TL oscillator model was used to fit the amplitude
(¥) and phase (A) components. There are not many reports
on the SE analysis of typical IGN nanowires, but a few recent
efforts can be found on similar nitride semiconductor thin films
and nanostructures.*®"” The extracted wavelength-dependent
optical constants were found to be in good agreement with the
existing reports and can be analyzed further in accordance with
the anisotropic luminescence data.

The spectral dependence of the n and k values, determined
from SE data (Figure 7) of IGN nanowires, is typically related
to the microstructure, crystallinity, and composition of the In—
N, Ga—N, and In—Ga—N alloys and can be tailored
accordingly to demonstrate novel optoelectronic, photonic,
and photocatalytic devices.

Summarizing the results, we investigated the molecular beam
epitaxy-produced IGN nanowires’ two-photon absorption
spectra. Using a home-built two-photon PL microscope and
a tunable femtosecond laser to excite in the near-IR range, the
IGN nanowires were studied in the 690—950 nm excitation
range. The nature of polarized light absorption and emission in

IGN was studied by means of this two-photon PL microscopy.
The results presented demonstrate strongly signaled polarized
PL in the direction perpendicular to the c-axis of the IGN
nanowires. Strong two-photon absorption was also seen above
the bandgap, with excitation spectra peaks located at about
740, 790, and 870 nm. The anisotropy of the wurtzite phase of
IGN nanowires may be the cause of these peaks’ anisotropic
response to the excitation polarization angle. While conducting
this anisotropic absorption spectroscopy, we have only
considered interband transitions. There are many other
mechanisms that can contribute to such phenomena. One
mechanism is the free carrier absorption. Once excited into
conduction/valence bands, electrons/holes in different mo-
mentum valleys can further absorb light to make transitions.
This process will also be anisotropic depending on the energy
and momentum conservation. Theoretical and experimental
studies have shown such anisotropic phenomena.”®** Another
important mechanism is the spontaneous polarization and
strain-induced polarization when growing crystals along
different axes. For instance, a strong electric field is formed
when growing c-plane GaN heterostructures.’” > Such
internal electric fields will reduce oscillator strength and
lower radiative recombination probability. These possible
mechanisms need further investigation. In the PL process,
the anisotropy could come from anisotropic excited states,
such as different excitonic states in O-dimension quantum
dots.>* The fundamental aspects of polarized light absorption
and emission explored by this work in IGN nanowires may be
useful for the future development of materials for optoelec-
tronic device applications.
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