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We presented the results of electrical and optical studies of the prop-
erties of In,Gai—.N epitaxial layers (0.060 < z < 0.105) grown by met-
alorganic vapour phase epitaxy. Resistivity and Hall effect measurements
of the samples were carried out at room temperature. Optical properties
of the samples were characterized by photoluminescence and optical absorp-
tion spectroscopy. The comparison between the photoluminescence and the
optical absorption measurements gives the Stokes shift. We explained the
observed Stokes shift in terms of Burstein—Moss effect. The band gap versus
composition plot for In,Ga;_,N alloys is well fitted with a bowing parameter
of ~ 3.6 V.

PACS numbers: 73.61.—r, 78.20.—e, 78.40.Fy, 78.55.—m

1. Introduction

In,Ga;_,N alloy system has received a great deal of interest due to an im-
portant number of applications such as light emitting diodes [1], laser diodes [2],
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visible blind photodetectors [3], and heterostructure field effect transistors [4]. For
these applications, it is important to investigate the material’s band gap as a
function of its composition. Also, this investigation performs to design new device
structures.

In order to determine the luminescence activity of In, Ga; N, it is necessary
to know its optical properties. There have been many efforts to determine optical
properties of In,Ga;_,N using various spectroscopic techniques [5-7]. Studies of
the optical properties of Ga-rich In,Ga;_,N have shown a strong dependence of
the fundamental band gap on the alloy composition. It is accompanied by a large
band gap bowing and giant Stokes shift between the photoluminescence (PL) peaks
and the optical absorption (OA) edges. In order to explain this energy shift, one
of possible mechanisms is the phase separation. It has been reported that indium
segregation mechanism is important in thick InGaN layers. Originating from the
phase separated In-rich region plays a significant role in the emission mechanism
of nitride-based LEDs [8]. Although, there have been several publications giving
In,Ga;_,N band gap information, they show a significant dispersion with values
for the bowing parameter ranging from 1 eV [9] to 5.9 eV [10]. This may be due to
experimental difficulties related to the method used to measure optical gap. Since
the lattice mismatch is large between GalN and InN, the epitaxial growth of InGaN
on GaN leads to strains in the InGaN layer. Strain also has an important effect on
the band structure in In, Ga; N [11]. This effect increases with increasing indium
composition in In,Ga;_,N. It can result in a large Stokes shift observation. In
the case of a degenerate semiconductor, this Stokes shift can also closely correlate
with an increase in free electron concentration.

In this work we reported a study on the electrical and optical properties of
In,Ga;_,N epitaxial layers (0.060 < 2 < 0.105) grown by metalorganic vapour
phase epitaxy (MOVPE). Resistivity and Hall measurements were performed on
every sample at room temperature. The PL and the OA properties are also inves-
tigated at room temperature. The emission spectrum of the In,Ga;_,N system
extends to visible red. The bowing of band gap had been derived from the OA
measurements.

2. Experimental

The InGaN epilayers presented in this work were grown in an atmospheric
pressure vertical MOVPE reactor with a shower head configuration. Standard am-
monia, trimethylgallium (TMGa), and trimethylindium (TMIn) precursors were
employed, while Ny was always used as main carrier gas. However, Hs was also in-
troduced into the reactor through two channels: first, it was always used as carrier
gas for the alkyls and, second, in controlled amounts via an additional make-upline.
This allowed for an investigation about the role of the overall Hy partial pressure
in controlling the In incorporation. The TMGa precursor was delivered to the
reactor via a double-dilution line, which allows changing the Ga molar fraction
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while maintaining constant the hydrogen flow injected into the growth chamber.
The TMIn was instead introduced via a standard single-dilution line, where a
given hydrogen flow enters into the bubbler and drags a quantity of TMIn depen-
dent on the temperature and the bubbler pressure controlled, respectively, by a
thermostatic bath and an on-line pressure controller. Obviously, with this system
the TMIn molar fraction delivered to the growth chamber is always proportional
to the hydrogen flow. The 2” sapphire substrates were rotated around their axis
at rates varying between 120 and 750 rpm: the change in rotation speed allowed
controlling the growth rate, which has a strong influence in indium content in the
alloy as reported previously [12, 13]. The standard heterostructure included a 80—
100 nm thick GaN buffer grown at 510°C, a 600 nm thick GaN layer deposited at
1080°C (a typical V/III ratio was about 7000), and an InGaN alloy deposited at
800°C with different conditions, as reported above, in order to vary In content.

The high-resolution X-ray diffraction (HRXRD) measurements were per-
formed by using a D8/Bruker diffractometer, equipped with a Cu source and a Ge
(022) monochromator. The In composition was determined by HRXRD assuming
that the lattice parameter varies linearly with the In fraction according to Vegard’s
law. The obtained In composition values are in excellent agreement as reported
previously [12]. The thickness of the InGaN epilayers was approximately 600 nm
with indium composition varying from 0.060 to 0.105.

For the resistivity and Hall effect measurements by the van der Pauw method,
square-shaped (5 x 5 mm?) samples were prepared with four contacts at the cor-
ners. Using either evaporated or annealed indium dots, ohmic contacts to the
samples were prepared and their ohmic behaviour was confirmed by the current
voltage characteristics. The measurements were made at room temperature us-
ing a Lakeshore Hall effect measurement system (HMS). The magnitude of the
magnetic field was 0.5 T.

The samples were also characterized by the PL and the OA spectroscopy. All
optical measurements were performed at room temperature. A 55 mW He—Cd laser
(325 nm) is used as a light source in room temperature PL measurements. The OA
measurements were recorded using a Perkin Elmer 45 UV+VIS spectrophotometer,
in the wavelength range from 200 to 1100 nm.

3. Results and discussion

In order to investigate electrical properties, resistivity and Hall measure-
ments were performed on every sample at room temperature. For the studied
samples, Hall measurements indicated n-type behaviour, which may be due to the
presence of nitrogen vacancies. The results of the Hall measurements were given
in Table. It can be seen from Table that the mobility u in In,Ga;_,N samples is
lower than the one in GaN, which is usually more than 400 cm? V~! s~! at room
temperature. This behaviour suggests that the more indium is added to alloy, the
more scattering centres are created and it should result in low mobility.
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TABLE
Experimental results of Hall, PL, and OA measurements at room temperature.

Hall results PL results OA results
x s n p Gaussian Line E,
[C{,"j [10*® cm™®] | [Q cm] peaks [eV] [meV] [eV]
0.060 | 40.6 28.5 0.0052 2.935; 3.074 153 3.08
0.085 | 22.5 7.51 0.0369 | 2.331; 2.687, 2.947 | 317 2.90
0.105 | 15.5 5.44 0.0746 | 2.299; 2.567, 2.851 | 282 2.82

We can see that the Hall carrier concentrations decrease with increasing in-
dium composition (x), while the resistivity increases. For In,Ga;_,N samples,
measured carrier concentrations are above the critical Mott density (né/ Sal*_l =
0.25) [14], where n. and ajj are critical carrier concentration and the effective Bohr
radius, respectively. With these carrier concentrations, In,Ga;_,N exhibits de-
generate semiconductor behaviour. Above the Mott density, for the case of n-type
doping, the Fermi level is slightly higher than the conduction band bottom. The
band gap can then be larger or smaller. The widening that occurs in In,Ga;_,N
is due to the lowest states of the conduction band that are blocked; this is the well-
known Burstein—-Moss effect [15, 16]. We observed that band gap of In,Ga;_,N is
wider with increasing carrier density. Later we will discuss Burstein—Moss effect
in relation to band filling, on other properties of In,Ga;_,N.

Figure 1 shows the room temperature PL spectra of the InGaN layers. The
main PL peaks were located between 360 and 640 nm with intensities dramatically
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Fig. 1. Room-temperature photoluminescence spectra of In,Gai;_,N for x = 0.060,
x = 0.085, and x = 0.105.
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different among samples. In order to determine the peak position and the line
width of the emission components, each PL spectrum was fitted by a Gaussian
distribution function. A single Gaussian peak did not accurately describe our PL
spectrum. We observed two or three emission peaks in all of the PL spectra,
shown in Fig. 1. The peak positions were thus determined by fitting two or three
overlapping Gaussians to the luminescence peak. The peak positions of the higher
energy component and lower energy components were shown in Table. The line
widths of higher energy components accepted as band gap were also shown in
Table. The band gap values obtained from the PL measurements were of the same
order of magnitude as found in variety of InGaN systems [17-20]. However, our
linewidth values are somewhat higher compared with reported values in literature.
InGaN alloys are thought to be thermodynamically unstable even for moderate
indium composition (x > 0.060) [21]. Therefore, there is observed compositional
inhomogeneity or strain and it should result in high line width values in In, Ga; _,N
layers. Due to the presence of strain in InGaN samples, our line width values
were slightly higher than reported values by several researches [22, 23]. Also,
lattice mismatch between GaN and sapphire substrate are sufficient to generate
misfit dislocations. Finally, effects of the lattice mismatch result in degrading the
luminescence efficiency of the InGaN alloys [24].

We can conclude with considering the whole PL spectra that the line width
of the PL peak is significantly broadened and PL spectra shift regularly along the
increasing wave length (to visible red), as indium composition increases. Actu-
ally, the quality of the samples becomes better while the indium composition (z)
decreased as indicated by the changes of the line width.

The analysis of optical absorption spectra is one of the most productive tools
for understanding and developing the band structure and energy gap of materials
[25]. In this connection, the OA of InGaN samples is measured.

The relationship between absorption coefficient and optical band gap is ex-
pressed by the following equation [26]:

(ahv)? = B (hv — Ey), (1)
where B is a parameter that depends on the transition probability, hv is the in-
cident photon energy, and E, is the band gap of the material. The optical band
gap was determined from the plots of (ahv)? vs. hv (Fig. 2). Extrapolating the
linear part of each plot towards lower photon energies, the point of interception
with the hv axis exists at (ahv)? = 0 giving the corresponding band gap. The
estimated band gap energies were shown in Table. The band gap values obtained
from the OA measurements were of the same order of magnitude as found in va-
riety of InGaN systems reported by many researches with the OA measurements
[18, 21, 27].

The band gaps determined from the absorption edges in Fig. 2 were shown
as a function of indium composition in Fig. 3. The absorption edge shifts to lower
energy as x increases. As shown by the solid curve in Fig. 3, the indium com-
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Fig. 2. The plot of (ahv)? versus photon energy of In,Gai_,N layers.

position dependence of the room temperature band gap in the entire composition
range can be well fitted by the following standard equation:

Fcan(2) = (1 — 2)Egan + Emy — bz(1 — o), (2)
where Ep,gan(z) represents the band gap energy of In,Ga;_,N and Egan, EmN
are the band gaps of GaN and InN, respectively, and b is the optical bowing
parameter [2]. The curve fitting for the OA edge energies was carried out with
Enn = 0.8 eV, Egany = 3.42 eV and then the best fit was achieved with b = 3.6 eV
as shown by the solid line in Fig. 3. It is reported a strong gap bowing, from both
experimentally and first principles calculations, with values ranging from 2.6 eV to
5.9 eV by many researches [5, 10] for indium composition z < 0.25 in In, Ga;_,N.
The large value and strong composition dependence of the bowing parameter can
be attributed to strain within the structure.
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Fig. 3. In-composition dependences of PL energy and absorption edge of In,Gai_,N.
The solid line shows the fit to the band gaps using Eq. (2).
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The indium composition dependence of the peak energy of the PL signal
was also shown in Fig. 3. Our measured values of the band gap were somewhat
lower than the ones obtained by OA. This difference is to be expected, since the
PL peak energies of thick InGaN layers are typically lower than the band gap
energies [28]. The comparison between the OA and the PL allows determining the
Stokes shift. The Stokes shift of the strong peak energy components which are
written as italics in Table, is estimated to be 6 meV for x = 0.060, 213 meV for
x = 0.085, and 253 meV for z = 0.105, respectively. The Stokes shift increases
with an increase in indium composition. The reason for the Stokes shift in In-
GaN samples was explained by many researchers with defects [21], strains [20],
alloy fluctuations [8], piezoelectric fields [29], phase-separation [18] as well as band
filling effect (Burstein—Moss effect) [30]. In our case, the InGaN samples exhib-
ited a degenerate semiconductor behaviour. In a degenerate semiconductor, the
band-edge emission energy in PL measurements is expected to shift toward higher
energies for increasing carrier concentration due to the change of the Fermi level
(Burstein—Moss effect) [2]. We obtained that the carrier concentration increases
with decreasing indium composition and the PL spectra shifted toward higher en-
ergies in our degenerate InGaN samples. The Stokes shift can thus be in a large
part explained by this effect. However, the Burstein—Moss effect does not exceed
a few tens of meV. Therefore, it should be a considered effect of strain in thisgiant
Stokes shift.

4. Conclusion

We have investigated electrical and optical properties of In, Ga; _, N epitaxial
layers (0.060 < x < 0.105) grown by MOVPE as a function of indium composition
as well as carrier concentration, using the Hall effect, the PL and the OA spec-
troscopy. We obtained the Stokes shift with the comparison between the PL and
the OA. From the Hall measurement, it was assumed that all samples have a de-
generate semiconductor behaviour. Then the Stokes shift was explained in terms
of the Burstein—Moss effect as well as the contribution of strains. The bowing of
band gap was derived from the OA measurements. It was found that there was a
strong bowing effect on the band gap. Our experimental results suggested that the
bowing parameter for In,Ga;_,N was approximately 3.6 eV in the composition
range between x = 0.060 and = = 0.105.
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