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ABSTRACT

Spectroscopic ellipsometry measurements of InxGa;.xN thin films were carried
out in the photon energy range from 0.6 to 4.75 eV. The samples were grown on cubic
GaN/MgO (100) template substrates by plasma assisted molecular beam epitaxy.
Optical properties as the energy gap, refractive index (n) and extinction coefficient (k)
were obtained from the analysis of experimental data by a parametric dielectric function
model. Our results show that the behavior of the optical band gap of cubic InxGaj-xN fits
E,4(x) = 1.407x* — 3.662x + 3.2 eV. The obtained bowing parameter of 1.4 £ 0.1 eV is in
good agreement with reported calculated values around 1.37 eV. The complex index of
refraction dispersion relations 7n(w) and k(w) are obtained for the 85 — 99% mostly

cubic InxGaj.xN films for several In concentrations.
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1. Introduction

During the last decade, InxGai;.xN and InxGa;.xN/llI-N heterostructures have
attracted considerable attention due to their great potential in technological applications.
Their properties such as peak electron velocity, absorption edge, and high thermal
stability have been exploited for the manufacture of electronics, photonics and
nanotechnology devices. [1-3] Furthermore, the InxGa;-xN alloy system has the singular
possibility of tuning its band gap energy from near UV to IR only by varying the In molar
fraction. [4,5] Hence, InxGaixN is specifically suitable in blue-green-red emitting
devices, as well as photodetectors, laser and solar cell devices. [6-9]

On the other hand, for the technological development of the above devices, it is key
the study of vertical transport using basically the double-barrier (DB) formed by thin
films. In these structures with stable hexagonal phase (h-InxGai;-xN alloys),
spontaneous and piezoelectric polarizations induce electric fields in the structure that
are perpendicular to the growth direction, resulting in tilted energy bands. [10] These
built-in fields are undesirable because they decrease the lifetime operation in optical
devices. The growth of the meta-stable cubic phase of IlI-N and InxGa;.xN alloys (c-
InxGa;.xN) is a possibility to avoid these built-in fields, because the cubic crystal
symmetry avoids spontaneous polarizations. [11] In addition, it is expected that cubic
nitrides have superior electronic properties such as higher carrier mobilities, higher drift
velocities, and better doping efficiencies. [12, 13] So, several research groups have
grown c-InxGai;.xN films [1, 14-21] with different x concentrations. Recently,
homogenous c-InxGa; xN films with x up to 0.93 have been reported. [18]

In the development of semiconductor devices for technological applications, as

those mentioned above, the knowledge of key fundamental properties is essential for
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the design, modeling and understanding of the devices performance. So it is necessary
to know the fundamental electrical and optical properties; in the case of c-InxGa;.xN
alloys their electrical properties have been extensively studied, however, optical
properties have been barely investigated.

The refractive index for c-InxGa;-xN was reported by Goldhan et al. in 2000, [14]
their results showed the refractive index and the extinction coefficient in the range from
1 to 4 eV for relaxed films only for films with In concentration less than 0.2. Although
different groups have contributed to the study of the optical properties of c-InxGa;.xN
[15, 22, 23], it has not been possible to define their characteristics for In concentrations
greater than 0.4 due to the difficulty to obtain homogenous alloys [24]. The dielectric
function of GaN, InxGa;.xN, AlLGa;«N and AlixInyN has been mainly reported for
hexagonal phase films and the optical parameters reports of cubic nitride alloys are still
scarce. [25-29]

Therefore, the objective of this work is to determine the dispersion relations for the
complex refraction index in the photon energy range from 0.6 to 4.75 eV of mostly cubic
InxGai-xN films grown on cubic GaN/MgO template substrates for several In molar
fractions up to x = 1. The complex refractive index, optical energy gap and crystalline
quality of InxGa;.xN were obtained from the experimental data using a multilayer

parametric model for the dielectric function.

2. Experimental procedure

We used (100) MgO as growth substrates. Prior to each growth a 1x1 cm polished
MgO substrate was cleaned in trichloroethylene at 60 °C and acetone ultrasonic bath for
10 min. After that, the substrate was introduced into a vacuum loading chamber and

was then transferred to the growth chamber and thermally cleaned in a high vacuum
3



environment (3 x 10®Torr) at Ts = 900 °C for 30 min to obtain a clean and atomically flat
surface. Before growing the InxGa;.xN film, a cubic GaN buffer layer was grown on the
MgO substrate, experiment details of this film can be found elsewhere. [18]

The cubic GaN/MgO templates are essential to induce the growth of cubic InxGa;.xN
films. [18] InGaN layers were grown at a substrate temperature between 560 and 650
°C on top of a c-GaN/MgO (100) template substrate. The alloy composition was
obtained from the lattice parameter measured by high resolution X-ray diffraction and
the fraction of the cubic phase was estimated from the ratio of integrated intensities of
the (111) zinc blend diffraction at x=54.74° and (0002) wurzite reflections at x=0° in XRD
pole figures. [18] For samples with low and high In concentration the cubic phase
fraction was up to 99%, but InxGai;xN layers with 0.3 < x < 0.8 show hexagonal
inclusions fractions around 15%. [18]

The optical properties of the samples were measured ex-situ at room temperature by
spectroscopic ellipsometry from 0.60 to 4.75 eV using a Horiba-Uvisel ellipsometer in
the modulator (M) and analyzer (A) configurations M = 0°, A = +45°and M = - 45° and A
= +45° with an incidence angle of 70°. This ellipsometer is a phase-modulation
instrument (PME) where fast and accurate measurements from the UV to the near
infrared region can be performed. The spectroscopic angles ¥ and A are not directly
measured by PME, instead the Fourier coefficients I; = Sin2WCosA and I, =
Sin2¥WSinA are obtained. Under these conditions and using an integration time of 500
ms for each data point the expected experimental error in ¥ and A are 0.03% and
0.02% respectively. The analyses of the samples were carried out fitting these Is, Ic
directly. [30]

3. Results and discussions



The experimental ellipsometric spectra of cubic GaN/MgO template is shown in Fig.
1 (a) as solid squares (circles) for Is (Ic). Interference fringes due to the GaN layer
thickness are clearly observed in the semitransparent region below the GaN optical gap.
As a buffer layer with similar growth conditions was later used for the growth of each
InxGai-xN layer the optical parameters of the template were needed to minimize the
number of fitting parameters of the studied samples. Both the c-GaN/MgO template and
InxGay-xN /c-GaN/MgO heterostructures were modeled considering a single oscillator
dispersion for each GaN and InxGa;.xN layer (j) with real (n) and imaginary (k) parts of

the complex refractive index given by
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where B= F—;(l‘j2 — (wj — wy) ) (3)
C = 2fiTj(w; — wy) (4)

And 7, is the high frequency refractive index, TI; is the optical broadening, f; the
oscillator strength, w; the oscillator frequency and w,the optical gap frequency. [31]
Solid lines in Fig. 1 (a) show the modeled ellipsometric spectra for the c-
GaN/MgO template using the optical parameters given in Table 1. These parameters,
except for the c-GaN layer thickness, will be fixed during the modeling of the InxGa;.
xN/c-GaN/MgO heterostructures. The complex dielectric function of c-GaN obtained
from the model is shown in Fig. 1 (b) which is in very good agreement with the reported
dielectric function of c-GaN. [25], evidencing that the fitting model is appropriate for the
studied photon energy interval. A more detailed model for the dielectric function is
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needed for wider energy intervals. [26, 27] We have to note that previous to the
modeling of the template substrates and the samples, the optical parameters of the
MgO substrates were also measured in order to reduce the fitting parameters of the
heterostructures.

The ellipsometric spectra of the InxGa;.xN/c-GaN/MgO samples are plotted in Fig.
2 for different x concentrations. Interference fringes due to the layers thickness are
present for all samples. It is clear the shift to lower energy of the onset of the
semitransparent region as the optical gap of InxGa;.xN decreases with x concentration.
The spectra of each sample were fitted using the model above adding the
corresponding InxGa;.xN layer. As obtained from the fit, the optical parameters of each
film are given in Table 1. Surface roughness was included in the model considering
effective medium theory with a top layer of 50% air and 50% InxGai.xN. [30] The
obtained roughness show relatively good agreement with the root mean square
roughness determined by atomic force microscopy (AFM). The values are not exactly
the same because ellipsometry results include the effect of a larger area which cannot
be detected by AFM. [30] The values of the optical gap decrease as expected with x
concentration, these values obtained from the fit may seem lower than those apparent
from the plots of Fig. 2. However, the interference fringe onsets in the graph are a
combined effect of the heterostructure since the c-GaN buffer layer is thicker than the
InxGay-xN films in order to optimize the structural quality of the alloy. [18]

The optical gap values from Table 1 are compared to previously reported data of
cubic InxGai-xN in Fig. 3 (solid squares). The values reported by Pacheco-Salazar [15]
et al and Sun et al [22] were both obtained from photoluminescence spectra and those
of Ref. 18 were obtained from the optical transmission. The observed differences may

be due to the fact that the values reported in this work were extracted from the model
6



for the InxGa;.xN layer only and not from the whole heterostructure of the sample. The
solid line is a minimum square fit to the ellipsometry data, keeping fixed the intercept
(x=0) at 3.2 eV, given by E,;(x) = 1.407x* — 3.662x + 3.2 eV. The obtained value for the
bowing parameter b = 1.4 + 0.1 eV is in very good agreement with the reported
calculated values of 1.36, 1.37 and 1.379. [32-34]

There is a lack of experimental values of the optical gap for 0.5 < x < 0.9, due to
homogenous InxGa;.xN alloys have not yet been experimentally obtained in this
concentration interval where phase separation precludes a homogenous growth. In fact,
reports of cubic InxGay.xN for x > 0.3 are scarce. [18] The plot of the optical broadening
(T') obtained from the model for the InxGa;.xN alloys as a function of the x concentration
is shown in Fig. 4. The values in Table 1 were normalized to the optical broadening of
GaN (Ijngan/Tean), this ratio should be higher for alloys of lower crystalline quality
compared to the GaN buffer layer. It can be seen that the quality worsens in relation to
GaN as the x concentration is increased, reaching a maximum in the interval
boundaries where no homogenous alloys can be grown, the solid line in the graph is for
visual aid only, showing the deterioration of the quality with x concentration. In contrast,
around x = 0 and x =1 the layers have a better crystalline quality than the GaN buffer
layer.

Finally, the complex refraction indexes for InxGa;.xN as obtained from the model
are shown in Fig 5. The plots for other x concentrations can be obtained from equations
(1) to (4) and the parameters in Table 1. The values and line shapes of the index of
refraction and extinction coefficient are similar to those reported for hexagonal InxGa;.-
xN, [26] which are also scarce in the literature as a function of the In molar fraction.

From Ref. 26, the refractive index in the semitransparent region (ns) and the extinction



coefficient above the optical gap (k,) of h-InxGa;.xN at x = 0.15 are ns = 2.4 and k, =
0.3. Meanwhile, for our InxGaj;-xN films, we obtained at x = 0.10 and x = 0.12 the
following values ng = 2.15, k, = 0.28 and ny = 2.13, k, = 0.5 respectively. These
values are comparable to those of the hexagonal phase, but ng is smaller in the cubic
films. The extinction coefficient is zero below the energy band gap and the onset where
it begins to increase is as expected Egy(x). Thus, we report the complex index of
refraction that is obtained from spectroscopic ellipsometry of mostly cubic InxGai-xN
films for several In molar concentrations. These dispersion relations should be of great

interest to aid the design of optoelectronic devices based on cubic nitride alloys.

4. Conclusion

We determined the complex index of refraction dispersion relations of 85 — 99%
cubic phase InxGa;.xN films using spectroscopic ellipsometry in the photon energy
range from 0.6 to 4.75 eV. These optical parameters, obtained from cubic material,
exhibit similar line shapes to those of hexagonal llI-nitride alloys. The behavior of the
optical energy gap is fitted to a parabolic curve with a bowing parameter of 1.4 + 0.1 eV,
which is in good agreement with calculated values reported in the literature of 1.37 eV.
The optical broadening obtained from the model shows the behavior of the InxGa;.xN
crystalline quality with x concentration, with a clear deterioration close to the 0.5 < x <

0.9 intervals where no homogenous alloys have been grown.
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Figure captions

Fig 1. (a) Ellipsometric spectra of cubic GaN buffer layer on (100) MgO, (b) GaN real
and imaginary dielectric function obtained from the analysis of the spectra.

Fig 2. Ellipsometric spectra of InxGa;.xN/c-GaN/MgO samples for several x
concentrations. The data of Is and Ic are given in solid squares and open circles
respectively.

Fig. 3. Solid squares give the optical band gap of cubic InxGa;.xN obtained from the
model of the dielectric function. The solid line is a quadratic fit with a bowing parameter
of 1.4+ 0.1eV.

Fig. 4. Optical broadening of InxGa;.xN normalized to the broadening of GaN. The
crystalline quality of the grown films worsens in relation to GaN as the x concentration is
closer to the interval 0.5 < x < 0.9 where no homogenous alloys have been grown.

Fig 5. Refractive index and extinction coefficient dispersion curves of cubic InxGa;-xN,
obtained from the analysis of the experimental ellipsometric spectra.

Table captions

Table 1 Optical parameters from the dielectric function model.
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Figure 2
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Optical gap (eV)

Figure 3
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Figure 5
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Table 1

Layer Cubic | Surface AFM X
- wg fj wj b | Thickness pohase Layer RMS
(eV) eVv) | (eVv) (nm) (%) Thickness | Roughness

(nm) (nm)
GaN | 2.054 | 3.21 | 0.189 | 3.656 | 0.931 | 430 + 2 99 6.2 1.0 13
X =12150(281 |0.225 | 3.177 | 0.727 | 188 £ 2 99 6.5 4.7 1.2
X =12130|2.65|0.359 |3.398 | 1.133 | 185+ 3 99 5.3 6.9 1.8
X =12.176|2.18 | 0.756 | 3.361 | 1.228 | 165+ 3 96 9.4 7.3 2.7
X =12163|2.08 |0.852 |3.174 | 1.870 | 150+ 3 90 7.9 7.1 2.8
X =12141|2.06 | 0.889 | 3.139 | 1.937 | 130+ 3 85 8.3 10.3 2.7
X =12139|2.02|0.532 |3.126 | 2.930 | 165+ 3 85 10.5 12.6 3.3
X =]1546|1.08 | 0.338 | 1.331 | 0.213 | 155 +2 96 5.7 5.2 2.1
X =12.606|0.89 | 0.723 | 0.916 | 0.155 | 230+ 2 97 5.0 2.8 1.9
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Highlights
e Cubic InyGa;.xN thin films were grown on GaN/MgO by plasma assisted MBE.

e The InxGa; xN complex refraction index from 0.6 to 4.75 eV is reported.
e The dispersion relations for several x are obtained by spectroscopic ellipsometry.
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