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(Dated: April 1, 2021)

We investigate the compositional homogeneity of InGaN thin films with high In content grown
by migration-enhanced plasma-assisted metal-organic chemical vapor deposition (MEPA-MOCVD).
Micro-Raman spectroscopy and tip-enhanced Raman spectroscopy (TERS) are used to analyze
the local InGaN composition on the micro- and nanoscale. Based on conventional micro-Raman
mapping, the InGaN composition for all samples appears uniform but shows indications for intrinsic
phase separations. TERS, a nanoscopic technique with a high spatial resolution far below the
diffraction limit, verifies the formation of nanoscale compositional inhomogeneities. The dimensions
of these compositional fluctuations observed in TERS are confirmed by scattering-type scanning
near-field infrared nanoscopy (s-SNIN). In contrast to s-SNIN, we show that TERS furthermore
enables the quantification of the In content in the different compositional regions and even allows
the identification of InN nanoclusters near the surface of the epitaxial films.

Group III-nitride semiconductors are a well-proven
material system for the fabrication of optoelectronic and
photovoltaic devices. The ternary alloys InGaN and Al-
GaN enable simple engineering of the direct bandgap
from the infrared (IR) to the ultraviolet (UV) region.[1]
The bandgap range of InGaN includes the entire visi-
ble spectrum making it highly attractive as material in
solid-state lighting sources such as light-emitting diodes
(LEDs)[2] and laser diodes (LDs)[3] as well as multi-
junction solar cells.[4, 5] However, the growth of InGaN
with high In content using conventional techniques like
MOCVD and MBE encounters several challenges such
as the large difference between growth temperature re-
gions of InN and GaN due to their vastly different par-
tial pressures[6] and the 11% lattice mismatch of InN and
GaN.[7] Another difficulty is the formation of nanoscale
lateral compositional inhomogeneities at the growth sur-
face, thus reducing e.g. the surface and interface qual-
ity in heterostructures.[8, 9] In the case of InGaN, the
group III atoms may segregate creating compositional
inhomogeneities which can result in the formation of InN
clusters.[9–11] Phase segregation is a mechanism caused
by the deposition temperature and the lattice mismatch
between InN and GaN, which results in a large miscibility
gap.[12] Green LEDs based upon InGaN multi quantum
wells (MQW) as active region are commercially available,
but experience compositional inhomogeneities, thus lead-
ing to a reduced internal quantum efficiency with increas-
ing In content (green gap).[13]
Raman spectroscopy is an established, non-destructive

characterization method to investigate crystalline qual-
ity, compositional distribution, as well as strain and de-
fects in e.g. InGaN films,[14, 15] quantum wells,[16]
and quantum dots.[17] However, the resolution of Raman
spectroscopy is not sufficient to investigate nanoscale in-
homogeneities due to the diffraction limit. The study
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of phase separations on a nanometer scale requires
nanoscopic characterization tools with a high spatial res-
olution far below the diffraction limit, e.g. near-field
techniques. Tip-enhanced Raman scattering (TERS)
combines micro-Raman spectroscopy with atomic force
microscopy (AFM) thus reducing the scattering volume
and enhancing the spatial resolution of Raman spec-
troscopy to the nm scale. Using TERS, we have pre-
viously observed InN segragation and polymorphism in
InGaN/GaN multi quantum well nanorods.[18] Recently,
we have demonstrated the impact of a resonant plasmonic
interaction between the gold probe and the surface charge
carriers in InN, which enhances the Raman scattering in-
tensity and enables the detection of combinational sec-
ond order Raman modes not accessible in conventional
Raman spectroscopy.[19]

In this work, we present a nanoscale analysis and quan-
tification of compositional fluctuations in InGaN thin
films with high nominal In content between 26% and 92%
grown by MEPA-MOCVD. The alloy compositions of all
InGaN films appear highly homogeneous based on micro-
Raman mapping. By contrast, TERS reveals the pres-
ence of compositional fluctuations and cluster formation
on sub-diffraction length scales. We use these informa-
tion to quantify the local In content and dimensions of
the phase separations. The size of the phase separations
determined by TERS is compared with results obtained
by scattering-type scanning near-field infrared nanoscopy
(s-SNIN) and found to be in excellent agreement.[20]

The InGaN films were grown epitaxially on c-plane
sapphire templates using a low-pressure MEPA-MOCVD
system. MEPA-MOCVD is an alternative approach to
address the current growth challenges and fabricate In-
rich InGaN alloys by kinetically stabilizing the InGaN
growth surface.[20–22] In this approach, a tunable pow-
ered plasma source is mounted on top of a customized
showerhead reactor. Nitrogen flows through the radio
frequency (13.56 MHz) hollow cathode, which generates
nitrogen reactive species (N*/NH*/NHx*) by plasma ex-
citation and ionization. The dissociation of nitrogen by
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FIG. 1. (a) Spatial distribution of the In-concentration x in the InxGa1−xN sample C, calculated from the InGaN A1(LO)
frequency shift using the MREI model. (b) An exemplary Raman spectrum at an arbitrary point of the map in (a). The blue
circles are the experimental data, the red line is the fit function and the black lines are the single peak fits.

a hollow cathode is temperature independent in contrast
to the dissociation of ammonia, which is used as nitrogen
precursor in conventional MBE and MOCVD. The down-
stream of plasma-activated nitrogen species is directed
to the growth surface where they interact with the group
III metal atoms. The growth surface chemistry is stabi-
lized by the kinetic energy provided by the excited nitro-
gen. As a result, desorption is suppressed, which leads
to an increased diffusion time, and enhanced migration
of the adatoms. The kinetics are a complex function of
the growth parameters such as nitrogen flow through the
plasma source and reactor pressure, as well as the compo-
sition and density of the plasma-excited nitrogen species,
which can be tailored by the applied plasma power. In
this work, the film deposition proceeded in an alter-
nating pulse sequence of metalorganic (MO) precursor
supply and nitrogen plasma exposure. Trimethylindium
(TMI) and trimethylgallium (TMG) were injected simul-
taneously using nitrogen as the carrier gas. During the
MO injection, the plasma power was set to 50 W to de-
crease the number of active nitrogen species, and there-
fore minimize possible counterproductive reactions be-
tween the MO and nitrogen precursors before they reach
the growth surface. After the MO pulse, the growth sur-
face was nitridated with a higher concentration of plasma
nitrogen species using an increased plasma power of 400
W. The growth temperature was around 775C under a
constant reactor pressure of 3.3 Torr. By variation of
the TMI/TMG ratio, a set of In-rich InxGa1−xN sam-
ples with 0.25<x<1 were grown. A detailed description
of the growth process parameters and initial characteri-
zation results can be found in reference.[20]

The micro-Raman scattering experiments were per-

formed using a LabRAM HR-800 Raman setup by Horiba
Jobin Yvon. The fully integrated system consists of
a monochromator, a confocal microscope stage, and a
cooled CCD-detector with a spectral resolution of better
than 1 cm−1. Two different laser excitation sources with
emission wavelengths of 532 nm and 633 nm were used.
The micro-Raman spectra were measured in backscatter-
ing geometry at room temperature using the 532 nm laser
line. The setup for tip-enhanced Raman spectroscopy
combines the Raman spectrometer with an AFM/STM
Park XE-100 instrument. An 80x long-distance micro-
scope focuses the 633 nm laser at an angle of 60◦ to the
normal of the sample surface on the gold tip-surface cav-
ity. This configuration allows excitation and detection
of the tip-enhanced Raman scattering signal. The tip
is produced by electrochemical etching of a 50 µm thick
gold wire. The details of the TERS setup and scattering
mechanisms are described in reference.[23]

TABLE I. Average InxGa1−xN compositions evaluated from
micro-Raman mapping (excitation 532 nm).

Sample In-Composition x Deviation Thickness
% % nm

A 26 ± 0.5 43
B 46 ± 1.0 44
C 69 ± 1.0 85
D 86 ± 0.5 86
E 92 ± 0.5 86

The compositional homogeneity of the different In-
GaN films on the micrometer scale was studied by micro-
Raman mapping over an area of 10×10 µm2. The Raman
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FIG. 2. TERS linescan of InxGa1−xN (sample C, x=0.69) with step size of about 10 nm and excitation wavelength of 633 nm.
Colors indicate domains of different In-content embedded in a disordered InGaN matrix. Exemplary spectra of each domain
are displayed in Figure 3. On the right schematic illustration of the sample highlighting InN clusters and regions of different
InGaN compositions correlated to the spectral position of the A1(TO) mode.

spectra were recorded in 1 µm steps in x- and y-direction.
The In-concentration were evaluated from the A1(LO)
phonon frequency shift. Based on the modified random
iso-displacement (MREI) model,[24] the A1(LO) phonon
frequency shifts linearly as a function of the InGaN
composition.[15, 25] In the exemplary Raman spectrum
in Figure 1b, the A1(LO) frequency around 634 cm−1 cor-
responds to an In-content of 69%. Analysis of each map
spectrum provides a spatial-resolved distribution of the
InGaN composition. Figure 1a on the left shows the spa-
tial distribution of the In-percentage in the InGaN layer
(sample C). The average In-percentage of the map is 69%
with a deviation of less than ≈1%, indicating a high com-
positional homogeneity over the entire sample area. In
general, all investigated samples appear to be very homo-
geneous when probed by diffraction limited micro-Raman
spectroscopy, as listed in Table 1. The InGaN layer thick-
ness is evaluated by FTIR spectroscopy.[26–28]

For an In-fraction of 69%, the MREI model predicts
the E2(high) phonon mode of InGaN around 514 cm−1,
which is in good agreement with the position of the un-
named peak at 513 cm−1 in Figure 1b. However, the large
full width at half maximum (FWHM) of the peak is an
indication of a significant degree of crystalline disorder.
Furthermore, an additional peak at 592 cm−1 is observed
in the Raman spectrum of sample C. This frequency coin-
cides with the expected frequency of the A1(LO) phonon
mode of pure hexagonal InN and it suggests scattering
from an ensemble of InN clusters. The coexistence of an
InN (cluster) and an InGaN phase might be an indication
of phase separation. The frequency of the additional peak
at 592 cm−1 can also be related to the surface modes of
InGaN due to the many interfaces between nanoclusters
with different compositions.[29–31] Although the InGaN
compositions of all samples appear to be very homoge-

neous, the strong broadening of the A1(LO) modes is an
indication for nanoscale compositional inhomogeneities
that are inaccessible due to the spatial resolution of
diffraction-limited probing techniques. As displayed in
Figure 1b, the A1(LO) of InGaN sample C has a FWHM
of 49 cm−1. Lateral compositional fluctuations at the
growth surface are one of the major growth challenges
for InGaN with high In content and can lead to bulk
phase segregation and a reduction of the structural film
quality. The characterization of these nanoscale phase
separations requires optical near-field spectroscopic tools
with a spatial resolution below the diffraction limit.

In order to investigate the InGaN film surface for
possible nanoscale inhomogeneities, tip-enhanced Raman
measurements were carried out. Figure 2 displays the
TERS spectra obtained by a line scan along the sur-
face of sample C with a total length of 200 nm and a
step distance between adjacent spectra of about 10 nm.
The scan direction is from spectrum #1 to #20. The
experimental conditions of plasmon-resonant TERS lead
to a strong near-field interaction between the plasmonic
tip and the sample surface.[19] Therefore, several modes
appear in the tip-enhanced Raman spectrum, which are
imperceptible using far-field micro-Raman spectroscopy.

The analysis of the tip-enhanced Raman spectra allows
to distinguish between regions of different InxGa1−xN
compositions and InN clusters. For clarification, individ-
ual colors highlight different domains corresponding to
a distinct InxGa1−xN composition. Numerical fitting of
each TERS spectrum provides the phonon frequencies of
the various Raman peaks. In the frequency range from
445 cm−1 to 530 cm−1, strongly enhanced peaks are lo-
cated at different positions. They are observed in each
TERS spectrum. In the spectra #6-#9 of Figure 2, a
phonon mode at 446 cm−1 is very dominant and shows
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FIG. 3. Exemplary spectra of different InxGa1−xN composi-
tions as seen in the TERS line scan of Figure 2. Dashed lines
highlight the A1(TO) phonon modes of InN and different In-
GaN compositions as well as a feature CH at 665 cm−1.

a strong enhancement in each spectrum. This frequency
agrees well with the A1(TO) phonon mode of InN,[32]
identifying this area as an InN cluster. It should be noted
that sapphire also has a Raman mode close to this fre-
quency, but due to the layer thickness of 85 nm and the
strongly confined probing-depth of TERS (5–10 nm), it
can be excluded. Since the field density of the evanes-
cent near-field at the tip decays exponentially, the spatial
extent of the enhanced scattering volume is very small
(<10 nm). Thus, TERS probes only a few nanome-
ters into the surface and sapphire modes are no longer
detectable.[23]

The spectra #2 and #3 show a tip-enhanced Raman
peak located at 460 cm−1. This peak is assigned to
the A1(TO) phonon mode of the InGaN alloy. The fre-
quency shift of the A1(TO) mode is converted into the
In-concentration based on the MREI model[24] and cor-
responds to an In-concentration of 85%. Compared to
the average In-content of 69% from Raman mapping, the
In-fraction is 16% higher. The difference in the indium
content is due to phase separations. Accumulation of In-
atoms leads to the formation of In-clusters and In-rich
InGaN regions resulting in an indium depletion of the
surrounding matrix.[18] This agrees with the InGaN sub-
set with a low In-content around 15%, highlighted by the
green spectra #13-#19. The yellow spectra only show a
broad feature around 650 cm−1 and lack distinct peaks
that are necessary for the evaluation of the InGaN com-
position. These small areas are presumably disordered
InGaN (d-InGaN). The correlation of the compositional
information to the linescan step size combined with the

100 nm

40 nm

70 nm

FIG. 4. S-SNIN image of InxGa1−xN (sample C, x=0.69)
taken at an excitation wavelength of λ = 10.5 µm showing
nano-scale compositional fluctuations.[20] The dimensions of
the phase separations indicated by arrows are in good agree-
ment with the TERS results.

tip-resolution enables a schematic illustration of the film
surface structure as depicted on the right side of Figure 2.
We note that a calculation of the In content based on the
spectral position of the A1(LO) instead of the A1(TO)
mode as conducted for the micro-Raman spectra is not
possible for the TERS spectra due to the vanishing inten-
sity of the A1(LO) mode. This observation is in agree-
ment with our previous works which do not show any
A1(TO) phonon modes in TERS spectra.[18, 19]. More-
over, the detection of the A1(LO) is compounded by the
fact that its spectral range coincides with the surface Ra-
man modes in PR-TERS.
Figure 3 compares one exemplary tip-enhanced Raman

spectrum of each of the five different domains from Fig-
ure 2. The dashed lines in Figure 3 mark the frequen-
cies of the A1(TO) mode for the different InGaN com-
positions. Furthermore, the tip-enhanced spectra corre-
sponding to the InN cluster exhibit an additional feature
at 665 cm−1. This Raman shift does not match with
any of the known far-field Raman modes of InN. Instead,
this peak was recently observed in TERS of InN thin
films and assigned to a two-phonon process involving the
optical phonon mode A1(TO) and the acoustic phonon
MH near the M -point of the Brillouin zone. The combi-
national mode of these two phonons is labeled CH with
a sum frequency of 663 cm−1.[19] The strong enhance-
ment of the second order phonon mode is caused by the
plasmon-resonant excitation, i.e., resonance between the
exciting photons, the localized surface plasmons (LSPs)
and surface plasmon polaritons (SPPs) of the gold tip,
and the locally increased free carrier density at the InN
nanocluster at the surface of the InGaN layer.[19]
In order to support our analysis by an independent

characterization technique, we compare the size of the
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different InxGa1−xN subsets as well as the InN clusters
with previously published scattering-type scanning near-
field infrared nanoscopy (s-SNIN) measurements of the
same samples.[20] Figure 4 displays the acquired near-
field amplitude image of sample C with an excitation
wavelength of 10.5 µm.[20] The amplitude contrast iden-
tifies islands of different InGaN composition due to their
different permittivity.[33] The results indicate phase sep-
aration in the InGaN alloys, which are due to spinodal
decomposition.[9] In Figure 4, one can note brighter do-
mains of a size which spans from 20 to 70 nm intercalated
in a darker matrix with around 30 nm of mean size. In
Figure 2, we detected three clusters by TERS with di-
mension of 20 nm, 40 nm and 70nm with A1(TO) fre-
quencies corresponding to In-contents of 80%, 100% and
75%, respectively. Those clusters alternate d-GaN of a
dimension, which spans from 20 to 40 nm. The darker
domains, detected by s-SNIN, likely correspond to high
In-content clusters measured by TERS. Conversely, the
brighter matrix probably corresponds to the intercalat-
ing d-GaN. Therefore, the dimensions of the nanoscale
compositional fluctuations by TERS are in good agree-
ment with the s-SNIN results indicated by the exemplary
green and blue arrows in Figure 4.

The same characterization by micro-Raman spec-
troscopy and TERS was carried out also for Sample D,
which has an average In-fraction of 86%. Comparable to
the previously discussed case, conventional micro-Raman
mapping of sample D shows a high compositional homo-
geneity. When measured by TERS, the sample reveals
a reduced spatial homogeneity on the nanoscale. The
line scan reported in Figure 5 consists of eight TERS
spectra acquired with the same experimental conditions
as described above. The scan direction goes from spec-
trum #1 to #8 with a step size of 40 nm. The spectra
#6, #7, and #8 (blue) show two peaks at 447 cm−1

and 474 cm−1. These peaks are in good agreement with
the A1(TO) and the E1(TO) phonon modes of hexagonal
InN, respectively.[32, 34] The spectra #1 and #2 (red)
show an enhanced peak at 462 cm−1 which matches the
energy of the A1(TO) mode of InGaN. The frequency
shift corresponds to an In-content of 80%, which is close
to the average In0.86Ga0.14N composition. The spectra
#3, #4, and #5 are related to interstitial disordered
InxGa1−xN. The separation of the InN and InGaN sub-
sets by an area of disordered InGaN appears similar to
the previously discussed results in sample C in Figure 2,
however, the size of the different domains seems to be
larger.

In agreement with sample C, we observe a mode lo-
cated around 660 cm−1 in the In rich InGaN domains
which is again attributed to the combinational mode CH.
The appearance of this mode in both InGaN samples with
high In content is in alignment with the recently observed
strong enhancement of second order modes in plasmon-
resonant TERS (PR-TERS) of InN.[19] The combina-
tional mode CH also appears in spectrum #2 shifted
equally with the A1(TO) mode as expected.[19] In ad-
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FIG. 5. TERS linescan of InxGa1−xN (sample D, x=0.86)
with step size 40 nm and excitation wavelength 633 nm. The
graph colors represent the InN (blue), disordered InxGa1−xN
(yellow) and In0.86Ga0.14N (red) areas.

dition, a strongly enhanced peak at 500 cm−1 is visible
in all cluster spectra, which cannot be assigned to the
known far-field phonon modes of InN. This mode might
be related to an accumulation of surface charges,[35]
which is known to occur at InN surfaces.[36]

In summary, In-rich InGaN films epitaxially grown by
MEPA-MOCVD exhibit a very homogeneous alloy com-
position on a microscopic scale as confirmed by micro-
Raman mapping experiments. The compositional fluc-
tuations over an area of 10 × 10 µm are around 1% for
each InxGa1−xN sample based on the frequency shift of
the A1(LO) phonon. However, layers with an In-content
x>0.4 exhibit indications for phase separations due to
the broadening of the A1(LO) phonon mode and the ap-
pearance of an InN A1(LO) phonon. Investigations by
TERS verified nanoscale compositional inhomogeneities
at the surface of In-rich InGaN layers. The dimensions
of these compositional fluctuations are in good agree-
ment with previous results obtained by s-SNIN experi-
ments. In contrast to s-SNIN, TERS provides quantifi-
cation of the In-content x of the InxGa1−xN phase sep-
arations based on the phonon frequency shift and even
identifies InN nanocluster. The combinational modes CL

and CH recently reported by plasmon-resonant TERS in
InN are also detected in In-rich InGaN layers and con-
tribute to the identification of InN nanoclusters.[19] The
presence of these combinational modes is independent
of the growth method and In content, which suggests
that the plasmonic resonance condition is achievable in a
large variety of InN based materials. The quantification
of nanoscale compositional fluctuations and their corre-
sponding dimensions by TERS in correlation with the
process parameter space of MEPA-MOCVD can lead to
a better understanding of the phase segregation mecha-
nism to explore potential ways for its suppression and to
form homogeneous InGaN structures with high In con-
tent.
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The data that supports the findings of this study are available within the article.
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afinczuk, O. Mart́ınez, J. Jiménez, M. Henini, C. Boney,
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