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The composition dependence of emission energy of pseudomorphically strained InGaN layerswith
In content up to 0.2 isobtained. It isfound that the main reason of “scatter” in published values of
the InGaN bowing parameter isthe uncertainty of the Poisson’sratio determination. Itisshown that
after recal culation to the same Poisson’s ratio, most published datayield essentially the same results

as compared to experimental uncertainty.

1 Introduction

Thin InGaN layers form the active region of most
nitride-based light-emitting devices. The thickness of
InGaN layers in these devices ranges from 3-5 nm in
conventional quantum-well structures to 10-50 nm in
charge asymmetric resonance tunneling structures [1].
The dependence of the emission wavelength on the In
content in InGaN layers is important for device design.
This dependence has been measured by many groups
[2] [3] [4] [5] [6] [7] [8], and significantly “different”
results have been obtained. The bowing parameter has
been measured to be from 1 eV to 3.2 €V (see Table 1).
The possible reasons for “scatter” in bowing parameter
values have been widely discussed. It has been pointed
out that determination of the In content by x-ray diffrac-
tion (XRD), using the linear interpolation of the c lattice
parameter between GaN and InN (Vegard's law), may
result in a systematic overestimation of the In content,
and low values of bowing parameter. This determina-
tion implicitly assumes that InGaN layers are relaxed.
It was observed, however, that due to difficulty of dislo-
cation formation at typical InGaN growth temperatures,
InGaN layers with thickness much larger than the criti-
cal thickness remained pseudomorphic to GaN [2] [5]
[9] [8] [10], and no misfit dislocations were formed at
InGaN/GaN interface. Thus, the In content needs to be
corrected with respect to elastic properties of the layers,
resulting in higher values of the bowing parameter. The
“scatter” in bowing parameter exists, however, even in
this case. Direct measurement of the In content by
Rutherford back-scattering spectrometry (RBS) [5] and
secondary ion mass spectroscopy (SIMS) with cali-

brated standards [8] confirms some of XRD results but
differs significantly from others. Besides, it has been
proven that the bowing parameter also depends on the
method of the optical transition measurement. Photolu-
minescence (PL) [2] [3] [11] givestypically lower val-
ues of energy than optical transmission (OT) [4] [5],
photothermal deflection spectroscopy (PDS) [7], photo-
refraction (PR) [6] [11] [8] and spectroscopic ellip-
sometry (SE) [12]. This difference, however, in
addition to uncertainty in energy measurement due to
possible In content fluctuations, is not large enough to
explain “scatter” in the published values of bowing
parameter.

In this paper, we report the In,Ga; N emission
wavelength dependence on In content up to x=0.2. We
discuss the main reason for the “scatter” in measured
values of bowing parameter for InGaN alloys. We esti-
mate also the uncertainty of bowing parameter measure-
ment. The main result is that no significant difference
exists in bowing parameter values measured by various
groups.

2 Experimental

Sets of samples have been grown by low pressure
MOCVD on (0001)-oriented 2" sapphire rotated sub-
strates. We used an AIX 200/4HT-S reactor equipped
with in-situ optical reflectance monitoring for optimiza-
tion of the growth parameters and control of the epilayer
thickness. The growth pressure was 200 mbar. TMGa/
TEGa, TMIn, NH3 were employed as precursors and

H,/N, as gas carriers. Structures consisted of a GaN
nucleation layer grown at low temperature, a 1.2 um-
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thick GaN buffer layer and upper In,Ga;_«N layers with
thickness 15-70 nm. Ternary aloys with x in the range
0.05-0.20 were grown under temperatures in the range
700-840°C.

The In content in the layers was determined using a
high-resolution Bede D1 XRD system with Cu Koy
radiation. The (00.2) reflections from GaN and (00.6)
reflections from sapphire were measured to calculate the
c-lattice constant of GaN. The (00.6) reflections from
GaN and InGaN were measured to calculate the c-lattice
constant of InGaN. Despite lower x-ray intensity for
these reflections compared to more typically measured
(00.2) reflections, the accuracy of lattice constant mea-
surements in this case is significantly higher. The in-
plane a-lattice constant was extracted from measure-
ment of the asymmetrical (10.5), (20.5) and (11.4)
reflections. The resulting a-lattice constants for the layer
were calculated after averaging the values calculated
from each of these three reflections. Room-temperature
(RT) PL spectra were measured to obtain the emission
wavelength of the InGaN layers. A 0.1-1 mW He-Cd
laser was used as the excitation light source for PL.

3 In content calculation
For astrained InGaN layer on GaN, biaxial compressive
strain g and the corresponding perpendicular strain &,
are induced in the layer, and
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where v is the Poisson’'s ratio. For hexagonal layers
grown along (00.1) axis the Poisson’s ratio is expressed
through elastic constants C3 and Ca3 as
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Measuring the Poisson’s ratio is difficult for InGaN
films. For the first-order estimation of the In content in
a strained or partially relaxed InGaN layer, the fixed
Poisson’s ratio can be assumed. Taking into account the
dependence of the Poisson’s ratio on the In content |eads
to more sophisticated estimation of the In content [10].
However, this estimation yields essentially the same
results considering experimental uncertainty.

For calculation of the In content, it was assumed that
Vegard'slaw isvalid for both | attice constants of relaxed
InGaN. The fixed relationship cy/ag = 1.629 was

assumed for relaxed InGaN and GaN, according to the
measured values of Cg,y = 5.187 A and aggy = 3.185 A

for GaN. For relaxed InN, the value of ¢, = 5.705 A

was assumed. The In content in the InGaN layers can
then be calculated as
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For InGaN layers pseudomorphic to GaN, the sec-
ond component of the sum can be neglected.

4 Bowing parameter

The emission energy of an In,Ga;.N alloy system is
usually described by

Ex)=1-x)Eypy+xEu—b-xll-x) @

where b is a bowing parameter. The accuracy of
bowing parameter measurements is limited by two main
factors. The first is InGaN composition fluctuations
over the sample surface. The second is the energy-posi-
tion fluctuationsin room-temperature PL measurements.
We assume that both these factors have approximately
the same influence on experimental accuracy, so that the
uncertainty in emission-energy measurements is AE =
KT. It gives the bowing parameter measurement uncer-
tainty Ab > 4AE = 0.1 eV. The uncertainty depends on
maximal In content measured. The lower the In content,
the higher the uncertainty. For example, for InGaN lay-
ers with maxima In content of only 0.10-0.12, the
uncertainty should be about 0.25 eV. For layers with
maximal In content of 0.20, the uncertainty should be
about 0.15 eV.

5 Poisson’s ratio

As it was mentioned above, the deformation of the unit
cell in InGaN affects the interpretation of the In content
from XRD measurements. The calculated In content
depends on the Poisson’s ratio. Accuracy required for
the Poisson’sratio determination depends on the bowing
parameter uncertainty. The admissible uncertainty of
the In content calculation Ax can be estimated from (4)
asfollows:

fivy pitz)
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Thus, the admissible Poisson’s ratio uncertainty for
measuring the bowing parameter of strained InGaN
alloys with In content up to 0.2 can be estimated from
(3) and (5) as
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The values of the Poisson’'s ratio used by various
groups in their calculations are listed in Table 1. It is
evident that existing uncertainty in these valuesis higher
than the admissible Poisson’s ratio uncertainty. In sev-
eral works, InGaN layers were assumed relaxed, for-
mally corresponding to v = 0 in (3). It results in low
values of the bowing parameter. In other works, the
strain in the layersis considered. In these works, how-
ever, there exists a scatter in values of the Poisson’'s
ratio. The uncertainty results from the differences
between theoretical and various experimental data on
the elastic constants of GaN. Theoretical calculations
[13] [14] predict the value of 2C;3/Cs3 to be about 0.51
for GaN, leading to a Poisson’sratio of about 0.20. Cal-
culation with this value yields, however, alower In con-
tent compared to direct measurement by SIMS [8] or
RBS [5]. The measured Poisson’s ratio in the case of
RBS In-content determination should be 0.18. Severa
experimental works were performed for measuring the
Poisson’s ratio. Detchprohm et al. [15] reported 2C44/
C33 = 0.38 (v = 0.16) after fitting their data on c- and a-
lattice constants for thick relaxed GaN layers on sap-
phire. Deger et al. [16] reported 2C15/C33 = 0.56 (v =
0.22) of GaN from the surface acoustic-wave measure-
ments on epitaxial AlGaN films. Yamaguchi et al. [17]
reported 2C,3/Ca3 = 0.60 (v = 0.23) from the Brillouin
scattering study of epitaxial GaN films. This value was
widely used by many authors for determination of the
bowing parameter. However, as it was mentioned by
Yamaguchi et al. [18], the measured elastic constants of
thin GaN epitaxial films differ significantly from actual
values due to the presence of residual stainsin epitaxial
layers. In addition, epitaxial films have high dislocation
densities, invariability affecting properties of GaN. The
Brillouin scattering study for bulk GaN [18] [19] gave
2C13/C33 =042 (V = 017)

Asit is seen, the most reliable data on the Poisson’'s
ratio measurements [5] [15] [18] [19] give the same
results as compared to the admissible Poisson’s ratio
uncertainty. In our calculations, we use v = 0.17 as an
average of these data.

6 Results

Figure 4 presents the measured emission energy depen-
dence on the In content in the InGaN layers. Error bars
represent the possible In content range (as measured
from c-lattice constant only) depending on the relax-
ation degree of the InGaN layers. The right end of the

bar correspondsto fully relaxed material and the left end
corresponds to fully strained material. This curve also
illustrates possible errors in In content determination
when calculations do not assume the strain in the layers
(model of relaxed material). The same data in compari-
son with previously published data are presented on Fig-
ure 5. On Figure 6, the published data are recalculated
with respect to the same Poisson’s ratio v = 0.17. All
curves are corrected also to the same GaN emission
energy of 3.42 eV. The curves show that all the data on
InGaN emission energy (band-gap) vs. In content agree
well in the framework of the admissible bowing parame-
ter uncertainty discussed above. Additional changesin
measured dependence can be made after correcting to
the same lattice parameters of GaN and InN.

7 Conclusion

The RT emission energy dependence on In content (c-
lattice constant) of pseudomorphically strained InGaN
layers grown on GaN is measured. It is shown that the
existing “scatter” in various published data on this
dependence originates mostly from strong uncertainty in
the values of the (In)GaN Poisson’s ratio used. After
correcting to the same Poisson’s ratio value, al pub-
lished data on the bowing parameter in strained InGaN
layers yield essentialy the same results considering the
experimental uncertainty in emission energy and lattice
constant measurements.
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Figure 1. XRD rocking curves of symmetric (00.6) and
asymmetric (20.5) reflections for 40 nm — thick Ing 10Gag g1N
layer grown on GaN.
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Figure 2. c-lattice constant vs. a-lattice constant for the InGaN
layers on GaN. The vertical and dashed line marks GaN a-
lattice parameter. The diagonal dashed line represent lattice
constants dependence for relaxed InGaN with Vegard's law
validity assumption.
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Figure 3. Room-temperature PL spectra for the InGaN layers
grown on GaN.
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Recalculated with the same Poisson’s ratio
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TABLES

Table 1. Values of bowing parameter for strained InGaN layers obtained by various groups. Recalculated values with consideration
of the same Poisson’sratio v = 0.17 (2C,3/C33 = 0.41) are also given. For references [2] and [6] the Poisson’s ratio is cal culated
from the given value of 2C,5/Ca3. For references [7] and [8] the bowing parameter is calculated from given experimental points.

Composition Poisson’s ratio In content Energy Bowing parameter (eV)
measurement measurement
measured recalculated
Present work XRD 0.17 0-0.2 PL 25 25
Takeuchi et al. [2] XRD 0.23+0.10-x 0-0.2 PL 3.2 2.6
Nakamura [3] XRD 0 0-0.33 PL 1.0 2.1
McCluskey et al. [4] and RBS & XRD (0.18) 0-0.11 oT 25 -
Romano et al. [5]
Wetzel et al. [6] XRD 0.23+0.05-x 0-0.2 PR 2.6 2.1
PL 3.2 2.6

Scholz et al. [7] XRD 0 0-0.13 PDS 1.1 2.2
Wagner et al. [8] SIMS - 0-0.15 PR 2.0 -
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