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Optical and microstructural properties versus indium content in In,Ga;_,N
films grown by metal organic chemical vapor deposition
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We present comparative investigations of single phase In,Ga,_ N alloys for a varying In content
(x=0.07 to 0.14) grown by metal organic chemical vapor deposition (MOCVD) technique. While
the composition was determined using secondary ion mass spectroscopy, we have investigated the
microstructures in In,Ga;_ N/GaN films by using transmission electron microscopy and correlated
these with the refractive index of the material. Based on ellipsometric analysis of the films, the
dispersion of optical indices for In,Ga,;_(N films is determined by using Tauc—Lorentz dispersion
equations. © 2010 American Institute of Physics. [doi:10.1063/1.3425761]

In,Ga;_,N material is a promising ternary alloy system
for many optoelectronics applicationsl’2 since its band gap
can be tuned from the near infrared region of ~0.7 eV (InN)
to the near UV region of ~3.4 eV (GaN).>* Recently, high
quality In-rich In,Ga,_ N alloys also offer potential applica-
tions in many areas including solar cells,” photoelectro-
chemical cells,”® and laser diodes in the wavelength range
from blue to green.7’8 Growth of In,Ga,_,N has proved to be
extremely challenging due to the large difference in the lat-
tice constant and the difference in the optimum growth tem-
perature of GaN and InN. The big difference in the covalent
radii of In and Ga tends to create a large internal strain or
causes phase separation thereby resulting in inhomogeneous
properties in high In content In,Ga,;_,N films. From high
performance device application point of view, a detailed
knowledge of key fundamental properties, e.g., dispersion of
the refractive index, carrier dynamics, photoluminescence,
etc., of In,Ga,;_N materials is crucial. In literature, Anani
et al’ have theoretically determined the index dispersion
from the band gap calculation, showing a hyperbola ten-
dency for a wide indium content. Sanford et al.'” have also
reported the refractive index evolution of In,Ga;_,N samples
for a narrow range of In content (x=0 to 0.07). Goldhan
et al." have used a parametric dielectric function model for
obtaining refractive index and extinction coefficient for two
cubic In,Ga,_,N samples with In content x=0.02 and 0.07,
respectively. However, there is no experimental data until
now for In,Ga;_ N with In composition higher than 0.07.

In this letter, we report our experimental study of GaN
and three types of In,Ga;_,N samples fabricated with vary-
ing In composition, namely, Ingy;GagosN, Ing;oGagegN,
and Inj4GaggeN. Structural and optical analysis of these
samples grown on sapphire substrates were conducted by
x-ray diffraction (XRD), secondary ion mass spectroscopy
(SIMS), atomic force microscope (AFM), transmission elec-
tron microscopy (TEM), scanning electron microscopy
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b)LSPES, UMR-CNRS 8008, 59950 Villeneuve d’Ascq, France.

0003-6951/2010/96(19)/191909/3/$30.00

96, 191909-1

(SEM), and spectroscopic ellipsometry (SE). The aim of this
work is to establish experimentally the values of refractive
index for In,Ga;_,N with In composition higher than 0.07
and to establish a correlation between the microstructure and
the optical properties of In,Ga,_,N which will prove to be
highly useful from device application point of view.

In,Ga;_,N alloys of thickness 200 nm with different In
content were grown on GaN (0001)/c-plane Al,O5 (sapphire)
templates by metal organic chemical vapor deposition
(MOCVD). The precursors utilized were trimethylgallium,
trimethylindium, and ammonia for Ga, In, and N, respec-
tively. First, a thin (~40 nm) GaN seed layer was grown on
a sapphire substrate at low temperature (~530 °C) followed
by high temperature (~1050 °C) growth of GaN layer with
a thickness of ~2.2 ,u,m.12 Three In,Ga;_,N samples with
varying In composition were then grown on the GaN layer
by varying the growth temperature. The growth rate is 140
nm/h, and V/III ratio is 6587. The thicknesses were deter-
mined by SEM.

The In and Ga atomic fractions were determined using
SIMS. Since no reference sample was available for such ma-
terial, the Iny ¢GaygoN indium fraction was determined us-
ing Rutherford backscattering spectrometry and the other
samples were characterized relatively to this reference value
using a TOFSIMS IV from ION-TOF GmbH. Sputtering was
done with an Ar* 3 kV gun on a 300 X300 wm? raster area
while secondary Ga* 25 kV beam was used to analyze a
150X 150 um? surface. Figure 1 shows the depth profiles
for the three samples inside the In Ga;_ N layer. While the
In fraction is constant with depth for Ing 1;Gag 93N, it appears
that it varies slightly for Ing ;¢GaygoN (up to 0.01 of In) and
more broadly for Ing,Gajg¢N (a few percent). The x=0.14
fraction was chosen as a mean value but the composition
actually varies with the depth in the In,Ga;_N layer between
x=0.12 and x=0.15. The thickness of the deposited layers
was measured by cross sectional SEM. TEM studies were
performed with a Philips CM30 microscope operated at 300
kV. Cross-sectional thin foils were prepared by focused ion
beam (FIB) milling technique. For optical investigations, we

© 2010 American Institute of Physics
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FIG. 1. (Color online) SIMS data of Ingy;GagosN, Ing;0GageN, and
Inj 14GagygeN films grown on GaN/sapphire.

used a spectroscopic ellipsometer (Model UVISEL-NIR
from Jobin Yvon). The measurements were performed at an
angle of incidence 60° for several photon energies ranging
from 0.75 to 4 eV with a step of 0.01 eV for both the
GaN/Al,O5 and In,Ga,_ N/GaN/Al,O5 samples.

TEM analysis was conducted in order to study the mi-
crostructural defects present in the layers. Figures 2(a)-2(c)
show a weak beam TEM image of Ing,GajgsN,
Ing 10Gag 99N, and Ing 14Gag g¢N, respectively. Threading dis-
locations are seen to originate in the GaN layer and they
extend further into InGaN layer with some of these defects
eventually terminating into inverted pyramidal pits (V-pits).
The threading dislocations observed in these images maybe
either mixed or pure screw type dislocations as the images
are taken along g=0002 diffraction vector."? The edge dislo-
cations are out of contrast as gb=0 (b is burgers vector).
From TEM images we can see that the number of V-pits
in Ing0GaggN is twice compared to Ingy;GagosN.
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FIG. 2. Cross-sectional weak beam TEM images of (a) Ing;Gag¢3N, (b)
Ing 10Gay N, and (c) Ingy4GaygeN, respectively. Some threading disloca-
tions are visible in GaN while V-pits are distinctly visible in InGaN. The
images are taken using diffraction vector g=0002.
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Iny 14GaygeN contains the highest number of V-pits as com-
pared to Ing 1;Gag 93N and Ing 10Gag 9oN specimen, as seen in
the images.

Optical properties of the InGaN film like the refractive
index are crucial for the development of optoelectronic de-
vices. The optical indices of GaN and In,Ga,;_ N were ob-
tained by an inversion technique, which is a method
extensively used these days for the analysis of SE
measurements.'* In brief, this technique uses a model devel-
oped at the University of Mons'"? for the simulation of the
optical properties of a stack of films deposited on a thick
substrate. In this model,]5 each material is characterized by
its optical indices (n, k) which are estimated by a parametric
dispersion law (e.g., Tauc-Lorentz) depending on the photon
energy. A real sample is modeled by a stack of very thin
films (having different constant optical indices) with a profile
representing optical indices with depth. This profile can
exhibit sharp steps due to the interface between different
materials, or smooth variations due to a change in the micro-
structure of a layer (roughness, diffused interface, compact-
ness variations, and dislocation density) (see Fig. S2 of Ref.
16). In this model, the optical indices profile also takes into
account the voids profile in the layer. The indices of a mix-
ture of compact material and voids are thereby obtained by
using the Bruggeman effective medium approximation.17

By conducting SE measurements we obtain two para-
metric values, namely, A and W (or derivatives of these val-
ues), which are functions of photon energy E and the angle
of incidence. The inversion technique mentioned before fits
the A and W values obtained from the optical model (by
using Tauc—Lorentz dispersion law) of the sample with the
experimental values obtained by SE (see Fig. S1 of Ref. 16).
The fit is obtained by using the Levenberg—Marquardt algo-
rithm with a biased least-squares estimator.” This combina-
tion allows to obtain a covariance matrix of the model pa-
rameters which gives a 90% confidence interval for these
pararneters.18 For more information concerning the SE fitting
and Tauc—Lorentz parametric law, refer to the supporting
information.

The GaN and In,Ga,_N/GaN samples were analyzed
by using a suitable model for the microstructure and a Tauc—
Lorentz dispersion law for the optical indices.'” In case of
InGaN/GaN samples, the surface of InGaN was considered
to be rough (consistent with SEM and AFM observations) as
well as compactness variation was taken into account in the
InGaN and GaN films. The best fit obtained for Ing (;Gag o3N
resulted in a x?>=4.23. The optical microstructure of (a)
Ingg7Gag 3N, (b) InggGaggeN, and (c) Ing4GaggN ob-
tained by fitting the SE data are shown in Fig. S3. The thick-
ness of each layer obtained by using this model agrees quite
well with the thicknesses observed in SEM. The optical in-
dices extraction proved to be difficult due to the following
facts: (1) microstructure of both InGaN and GaN layers had
to be found; (2) the thickness of InGaN layers is very small
(200 nm) compared to the GaN sublayer (2.2 um); (3) op-
tical indices of InGaN are very close to those of GaN at least
in the visible region. Sanford et al. 19 have obtained a refrac-
tive index value of ~2.36 for In,Ga;_\N (x=0 to 0.07)
samples at A=633 mm.

The refractive index n and extinction coefficient k ob-
tained for the GaN and InGaN samples are plotted together
in Fig. 3. The errors in the values are =0.02 and *0.05 for n
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FIG. 3. (Color online) Calculated values of refractive index and extinction
coefficient for GaN and In,Ga,_\N (x=0.07, 0.1, and 0.14) samples, ob-
tained by using Tauc—Lorentz equation. Inset shows the extinction coeffi-
cient obtained for the three samples.

(GaN) and n (In,Ga,_,N) values, respectively, and +0.01 for
k values (error bars not shown in the figure). These error
values are obtained by covariance matrix method (90% con-
fidence intervals). The line in green corresponds to GaN,
blue to Iny;GaygsN, red to Ing;yGaggN, and black to
Ing 14Gag g¢N, respectively. The refractive index of GaN has
been compared with values obtained on the same samples by
a prism-coupling technique and close agreement has been
found (results not shown here). The refractive index of
In,Ga;_,N are larger than GaN in the energy range 0.775 to
3.061 eV. The difference between Iny;GayoN and GaN is
larger than 1.2%. Band gap related feature at ~3 eV is
strongly pronounced in all the In,Ga;_ N samples but is
shifted to lower energies as compared to GaN. The gap struc-
ture is more broadened in case of Ing4Gajg6N. This broad-
ening can be possibly attributed to the increased alloy scat-
tering and small compositional fluctuations as explained
earlier by Goldhahn et al."" for their cubic Ing 0,Gag 9gN and
Ing 17Gag 93N samples. A decrease in the refractive index of
Ing 14Gag gN as compared to Ing (;Gag 93N, and Ing 1gGag ooN
is observed at the band gap structure which can be attributed
to the inhomogeneity in the Inj 14Ga g6N layer. The higher is
the In composition, the higher will be the V-pits density (as
seen in the TEM images and also from the Urbach tail for
In, ;4Ga, 3¢N observed in the extinction coefficient spectra),
resulting in a lower refractive index value.”” The band gap
structure is observed clearly in all the samples from the ex-
tinction coefficient curve shown in the inset in Fig. 3. The
curves of In,Ga;_N samples shift to the lower energy side
as the In composition X increases, resulting in a lower band
gap energy. Injy;GagesN shows a sharp turning point at
~2.98 eV in the extinction curve while Ing ;,Gag ggN sample
has the most broad damping stretched to around 1.77 eV
(Urbach tail). The Urbach tail can be attributed to a number
of mechanisms including the presence of point defects, dis-
ordered structure, excitonic transitions, or the presence of
inhomogeneous strain in the semiconductor.”’ This is in cor-
respondence with the room temperature photoluminescence
spectrum of Ing 14Gay g¢N layer which shows broad emission
from ~1.77 to 3.02 eV (data not shown here).

Appl. Phys. Lett. 96, 191909 (2010)

In summary, structural and optical characterizations have
been conducted for varying In content In,Ga,;_,N samples
grown by MOCVD, with x varying up to 0.14. A model
based on inversion technique was used to extract the refrac-
tive index and extinction coefficient by obtaining a best fit
for the ellipsometric measurements. The thickness of each
layer in InGaN samples obtained from the model could be
directly correlated with the thickness obtained from SEM.
The refractive index and extinction coefficient of
Ing 14Gag g¢N were measured for the first time. This data is
potentially important for the design of photonic devices us-
ing InGaN based materials.
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