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ABSTRACT

We report on the composition dependence of the band gap energy of strained hexagonal
InxGa1-xN layers on GaN with x≤0.15, grown by metal-organic chemical vapor deposition on
sapphire substrates. The composition of the (InGa)N was determined by secondary ion mass
spectroscopy. High-resolution X-ray diffraction measurements confirmed that the (InGa)N layers
with typical thicknesses of 30 nm are pseudomorphically strained to the in-plane lattice parame-
ter of the underlying GaN. Room-temperature photoreflection spectroscopy and spectroscopic
ellipsometry were used to determine the (InGa)N band gap energy. The composition dependence
of the band gap energy of the strained (InGa)N layers was found to be given by EG(x)=3.43-
3.28⋅x (eV) for x≤0.15. When correcting for the strain induced shift of the fundamental energy
gap, a bowing parameter of 3.2 eV was obtained for the composition dependence of the gap en-
ergy of unstrained (InGa)N.

INTRODUCTION

There is considerable current interest in the (InGa)N alloy system because (InGa)N layers form
the active region of most of the present green-to-violet light emitting devices based on group III-
nitrides [1]. However, in spite of the technological importance of (InGa)N, so far published data
on the composition dependence of the band gap energy of the (InGa)N alloy show significant
scatter, with values for the bowing parameter ranging from 1.02 eV [2] to 3.5 eV [3].
For an accurate determination of the composition dependence of the (InGa)N band gap, the gap
energy has to be derived from photoreflection (PR) [2] or spectroscopic ellipsometry (SE) [4]
measurements rather than from photoluminescence (PL) data. This is because the (InGa)N near
band-edge PL spectrum is Stokes-shifted relative to the band edge, leading to an underestimate
of the gap energy [5]. The (InGa)N alloy composition should be assessed not only by X-ray dif-
fraction but also by chemical analysis, as strain effects complicate the composition analysis by
X-ray diffraction, requiring precise knowledge of the elastic parameters of the (InGa)N. (InGa)N
layers grown on top of GaN have been found to be strained to the in-plane lattice parameter of
the underlying GaN for layer thicknesses and compositions up to, at least, 100 nm and x=0.15,
respectively [6,7].
In the present study pseudomorphically strained (InGa)N layers on GaN, grown by metal-organic
chemical vapor deposition (MOCVD), were analyzed by PR spectroscopy and SE to determine
the composition dependence of the (InGa)N band gap energy. Secondary ion mass spectroscopy
(SIMS) and high-resolution X-ray diffraction (HRXRD) were used to assess the (InGa)N layers`
composition and strain, respectively.
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EXPERIMENT

The hexagonal (InGa)N-on-GaN samples used in this study were grown by low-pressure
MOCVD on c-plane 2´´ sapphire substrates. Details on growth can be found in Ref. 8. Data will
be presented on a series of samples with varying In content (x≤0.15) and (InGa)N layer thick-
nesses ranging from 15 to 60 nm, grown on top of a 2 to 3 µm thick GaN layer. The (InGa)N
composition was determined by SIMS using appropriate standards calibrated by energy disper-
sive X-ray analysis (EDX).
Selected samples were further analyzed by HRXRD using both the symmetric 00.6 and the
asymmetric 10.5 reflections, in order to determine the c and a lattice parameters parallel and per-
pendicular to the growth axis. Fig. 1 shows a plot of c versus a for (InGa)N layers with a thick-
ness of 30 nm as well as for the underlying GaN. All the a lattice parameters obtained for the
(InGa)N are close to that of the GaN layer, indicating that the (InGa)N layers are under biaxial
in-plane compression due to pseudomorphic growth. The GaN layer itself is also under slight
compression due to the thermal mismatch with respect to the sapphire substrate. Using linear
interpolations between the c and a lattice parameters of unstrained GaN [9] and InN [10], the
composition dependent lattice parameters of unstrained (InGa)N are obtained, shown in Fig. 1 by
the short-dashed line. Based on the elastic parameters given by Wright [11], the effect of in-
plane biaxial
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Fig. 1: c versus a lattice parameters as deter-
mined by HRXRD for 30 nm thick InxGa1-xN layers
on GaN (filled squares) with different In content x.
Error bars are indicated. For comparison c and a
lattice parameters of the underlying GaN are also
shown (open circles). The full vertical line marks
the a lattice parameter of unstrained GaN. The
short-dashed line indicates the calculated c-
versus-a relation for unstrained (InGa)N. For
further details see text.

x=0.02

30n m  In
x
G a

1-x
N  o n  G a N

∆
R/

R 
(a

rb
. u

ni
ts

)

x=0.08

2.7 2.9 3.1 3.3 3.5

x=0.15

PH O TO N  ENERG Y  (e V )

Fig. 2: Room-temperature PR spec-
tra of 30 nm thick InxGa1-xN layers on
GaN with various In contents x given
in the figure. Dashed curves indicate
fits to the (InGa)N fundamental gap
resonance.
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Fig. 3: Composition dependence of the room-temperature band gap energy of strained
InxGa1-xN layers on GaN as obtained by PR spectroscopy (filled circles), and after correction for
the strain induced band gap shift (open circles, see text). (InGa)N alloy composition was deter-
mined by SIMS. The full and dashed curves indicate linear and quadratic fits to EG for strained
InxGa1-xN and for numerically relaxed InxGa1-xN, respectively. For comparison, room-
temperature PL peak positions are also shown (filled squares).

compressive or tensile strain on c and a can be calculated, as indicated by the dash-dotted lines
for In contents of x=0, 0.05, 0.10, and 0.15. To extract information on the In content of the pres-
ent strained (InGa)N layers, the measured data have to be projected parallel to the dash-dotted
lines onto the c-versus-a curve for unstrained (InGa)N (short-dashed line), as indicated by ar-
rows. The (InGa)N alloy composition deduced in this way agrees for x<0.1 within 10% with the
SIMS data. For the highest In contents the HRXRD analysis yields a somewhat lower In content
than SIMS, e.g. x=0.124 (HRXRD) versus x=0.147 (SIMS). Considering the large uncertainties
in the (InGa)N elastic parameters required for the HRXRD based analysis of the alloy composi-
tion for strained (InGa)N, the SIMS data are used throughout the remaining paper.

RESULTS AND DISCUSSION

Room-temperature PR spectra are plotted in Fig. 2 for three different InxGa1-xN-on-GaN samples
with an (InGa)N layer thickness of 30 nm and In contents of x=0.02, 0.08, and 0.15. Besides the
very intense and spectrally sharp fundamental gap resonance of GaN at 3.43 eV, the corre-
sponding resonance of the (InGa)N is well resolved at lower energies as a derivative-like struc-
ture. The (InGa)N resonance shows a low-energy shift and a significant broadening with in-
creasing In con-
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Fig. 4: Real <ε1> and imaginary part
<ε2> of the pseudo-dielectric function
spectrum of a 60 nm thick In0.1Ga0.9N layer
on GaN and, for comparison, of a GaN ref-
erence sample. Data were derived from
room-temperature SE measurements per-
formed at an incident angle of 75° and a
polarizer-azimuth of 30°.
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Fig. 5: Energy position of the (InGa)N
related peak in the <ε1> spectrum versus
(InGa)N band gap energy derived from PR
measurements. Data are shown for different
(InGa)N layer thicknesses d given in the
figure. The dashed line indicates a one-to-
one correspondence.

tent. Its line shape is somewhat distorted by Fabry-Perot interference oscillations. The band gap
energy of the (InGa)N was deduced from a fit to the PR resonance [12], as shown by the dashed
curves. The resulting band gap energies EG are plotted in Fig. 3 versus the In content determined
by SIMS (full circles). The experimental data can be fitted by the linear relationship
EG(x)=3.43-3.28·x (eV) (x≤0.15), as indicated by the full line in Fig. 3. There is fair agreement
with the composition dependence of the (InGa)N band gap energy reported by McClusky et al.
[3] (EG(x)=3.42-3.93⋅x (eV)), which was obtained from optical transmission experiments on
0.25 µm thick InxGa1-xN layers (x≤0.12) strained to the in-plane lattice parameter of the under-
lying GaN. For comparison the PL peak energy at room-temperature is also plotted in Fig. 3
(filled squares). There is an increasing Stokes-shift between the band gap energy derived from
the PR measurements and the PL peak energy upon increasing the In content. Alloy fluctuations
[5] and the confined Stark effect due to piezoelectric fields [14] have been discussed as possible
mechanisms responsible for this Stokes-shift.
As pointed out by McClusky et al. [3], the strain induced shift ∆E of the (InGa)N band gap has to
be subtracted from the present EG(x) data obtained on pseudomorphic (InGa)N films on GaN, to
obtain the composition dependence of the band gap energy of unstrained (InGa)N. Using the
relationship for the strain induced band gap shift ∆E=1.02⋅x (eV) given in Ref. 3, the expected
band gap energies of unstrained (InGa)N have been calculated, which are shown in Fig. 3 by
open circles. Taking a value of 1.89 eV for the room-temperature band gap energy of InN [15],
the present data on the composition dependence of the band gap energy of unstrained (InGa)N
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can be fitted by EG(x)=3.43-4.74⋅x+3.2⋅x2 (eV). The bowing parameter of 3.2 eV compares fa-
vorably well with that of 3.5 eV calculated in Ref. 3 for x=0.125. There is also consistency with
a very recent study by Wetzel et al. [16], which reports on the basis of a combined HRXRD and
PR spectroscopic analysis a bowing parameter of 3.8 eV for unstrained InxGa1-xN (x<0.2).
It has been shown recently that SE measurements allow a determination of the (InGa)N band gap
energy too [4]. Fig. 4 shows the real <ε1> and imaginary part <ε2> of the pseudo-dielectric func-
tion of a 60 nm thick In0.1Ga0.9N-on-GaN layer. For comparison the pseudo-dielectric function
spectrum of a high-quality bulk-like GaN reference layer is also shown, which is very similar to
that reported in Ref. 17 for hexagonal GaN. A pronounced peak in <ε1> and minimum in <ε2> at
3.40 eV marks the superposition of the A and B excitonic transitions at the fundamental band
gap of GaN [18,19]. At the high-energy side of this peak a shoulder appears in <ε1> which is
tentatively assigned to the C excitonic transition. The oscillations observed in the pseudo-
dielectric function spectrum for photon energies below the fundamental energy gap are caused
by Fabry-Perot interferences due to multiple internal reflections in the epitaxial layer. In the <ε1>
spectrum of the (InGa)N-on-GaN sample, the fundamental gap interband transition of the GaN is
attenuated. A new peak appears in both <ε1> and <ε2> at about 3.07 eV, which is in the transpar-
ency region of the GaN. The new peak is assigned to the fundamental gap interband transition of
the In0.1Ga0.9N.
This assignment is confirmed by a direct comparison of the energy position of the (InGa)N re-
lated peak in the <ε1> spectrum with the band gap energy derived from the PR measurements. In
Fig. 5 the (InGa)N peak position in <ε1> is plotted versus the (InGa)N band gap energy for
(InGa)N-on-GaN samples with In concentrations up to x=0.15 and (InGa)N layer thicknesses of
15, 30, and 60 nm. There is an almost one-to-one correspondence between these two quantities
with the peak in <ε1> being on the average only slightly higher in energy than the band gap.

CONCLUSION

The composition dependence of the band gap energy of strained InxGa1-xN on GaN (x≤0.15) has
been studied by PR spectroscopy and SE, using SIMS in combination with HRXRD for an accu-
rate determination of the (InGa)N layers` composition and strain. The composition dependence
of the band gap energy of (InGa)N strained to the in-plane lattice parameter of the underlying
GaN was found to be given by EG(x)=3.43-3.28·x (eV). After correction for the strain induced
band gap shift, a bowing parameter of 3.2 eV was obtained for the composition dependence of
the band gap of unstrained (InGa)N.
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