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Abstract: This paper focuses on the determination of the bandgap energy
bowing parameter of strained and relaxed InGay_xN layers. Samples are
grown by metal organic vapor phase epitaxy on GaN template substrate for
indium compositions in the range of 0<x<0.25. The bangap emission en-
ergy is characterized by cathodoluminescence and the indium composition
aswell asthe strain state are deduced from high resolution X-ray diffraction
measurements. The experimental variation of the bangap emission energy
with indium content can be described by the standard quadratic equation,
fitted using a relative least square method and qualified with a chi square
test. Our approach leads to values of the bandgap energy bowing parameter
equal to 2.874+0.20eV and 1.324+0.28eV for relaxed and strained layers
(determined for the first time since the revision of the InNN bandgap energy
in 2002), respectively. The corresponding modified Vegard's laws describe
accurately the indium content dependence of the bandgap emission energy
in InGaN alloy and for the whole range of indium content. Finally, as an ex-
ample of application, 3D mapping of indium content in athick InGaN layer
is deduced from bandgap energy measurements using cathodoluminescence
and a corresponding hyperspectral map.

© 2014 Optical Society of America

OCI S codes: (310.6860) Thin films, optical properties; (120.0120) Instrumentation, measure-
ment and metrology.
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1. Introduction

The tunability of the fundamental bandgap of indium gallium nitride (InGaN) across the full
visible range spectrum has led to the development of avariety of optoel ectronic devicesinclud-
ing blue, green, red and white light-emitting diodes [1], blue and green laser diodes [2, 3], and
solar cells [4-7]. For the design and the fabrication of such optoelectronic device structures an
accurate knowledge of the bandgap energy as a function of the indium content in InsGag_xN
alloy for both strained and relaxed layers is required. The composition dependence (x) of the
bandgap can be generally described using a modified Vegard's law including, in addition to the
linear interpolation, a quadratic term depending on a bowing parameter b:

ENEEN = x x ENBE + (1 —X) x ES&N —bx xx (1—X) @

where EG3N and E{B\. are the values of the emission energy deduced from optical measure-
ments. However, large discrepancies are observed in the published values of b varying in the
range 1.4eV-2.8eV [8-11] since the INN bangap re-evaluation in 2002 [11]. The first reason
that could explain such a broad range of values of b is linked to the strain state rate of the
studied InyGay_xN layers. Indeed, as shown by Parker et a. [12] and Ponce et a [13] differ-
ent dependencies of the bandgap emission energy with the indium composition are expected for
InyGay_xN layersaccording to their strain states. It is thus necessary to know the strain states of
the InyGay_xN layers and determine the value of the bowing parameter accordingly. The second
issue deals with the method used to measure the bandgap energy values. Indeed, the bandgap
energy deduced from either photoluminescence (PL) or cathodoluminescence (CL) measure-
ments is Stokes shifted relative to the bandgap energy determined by techniques such as pho-
toreflection, optical absorption or transmission, leading to an underestimation of the bandgap
energy for a given indium composition [8,11, 13, 14]. Last, specia attention has to be paid to
the measurement temperature since the bandgap energy is expected to vary with temperature
according to the well known Varshni’s equation. Furthermore, due to indium compositional
fluctuation or phase separation, an " S-shape”’ temperature dependence of the bandgap was re-
ported for InGaN alloy with indium content as low as 3% [15, 16]. In this paper, the bandgap
energy is characterized using room-temperature CL and PL. High resolution X-ray diffraction
(XRD) is used to determine the indium content as well as the strain state rate of the InGaN
aloys layers. For both relaxed and strained InGaN layers, the experimental bandgap energy
bowing parameters were fitted using a relative least square method from the compositional
dependence of the emission bandgap, and qualified by a chi square test [17]. Finally, as an ex-
ample, CL hyperspectral maps of athick InGaN layer are plotted in terms of indium content.
Results highlight the phase separation issue in such thick layers.
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2. Experimental

Several InyGa;_xN samples with a wurtzite structure and different compositions of indium
(0<x<0.25) and thicknesses (10-200nm) were grown on c-axis oriented GaN/sapphire tem-
plate substrates in a T-shape low-pressure metal organic vapor phase epitaxy (MOVPE) reac-
tor [18]. The growth was performed at 800°C under a reactor pressure of 100 Torr. Nitrogen
(N2) was used as carrier gas and trimethylgallium (TMGa), trimethylindium (TMIn) and am-
monia (NHz) were employed as precursor sources for Ga, In and elemental N, respectively.
The layer thicknesses were deduced from in-situ reflectometry and confirmed by (00.2) o-
20 XRD measurements by applying a fitting model to the Pendelldsung fringes. Symmetric
(00.4) w-26 scansin combination with XRD reciprocal space maps (RSMs) of the asymmet-
ric(11.4) and (10.5) planeswere used to determine the lattice parameters (g, ¢) and the degree
of relaxation of the InGaN layer. Depending on the strain state, the indium composition can be
calculated according to the following procedure. For unstrained layers (fully relaxed films), the
composition x is deduced from the well known Vegard's law:

CI nGaN _ CGaN
X= @
Co' — Cries

clnSaN and c&N correspond to the values of the out-of-plane lattice parameter ¢ of InGaN and
GaN, respectively, as deduced on our samples, since the compressive strain of the 3.5um thick
GaN on sapphire template is around 1%. For InN, we take the unstrained value of the out-of-
plane lattice parameter (cg"\‘) which is known accurately (within 0.1%) in the literature [19],
and equal to 5.705nm. For fully strained layers on GaN template substrates, the out-of-plane
and in-plane lattice parameters are related [20] by:

CkrgaN _ C!)nGaN B 2%V aInGaN _ aBnGaN (3)
InGaN 1 _ v InGaN
Co 1—v ag

where ¢S and alnSaN are the experimental out-of-plane and in-plane lattice constants while
cineN and al"*a are the corresponding bulk lattice parameters. v is Poisson’s coefficient
which can be interpolated between the values of v of the two binary end-points. A summary of
published data is given in [19], Moram et a. The indium content in fully strained InGaN can
thus be calculated according to Eq. (4):

InGaN GaN
X_l—vxcmes — Crres
= NN GaN
1+v g™ — &

4

The luminescence properties of InGaN structures are investigated by both room-temperature
(RT) CL and PL measurements. Experimental conditions are given in [21,22], El Gmili et a.
Using a relative least square method, the composition dependences of the emission bandgap
energy as deduced from CL measurements are fitted by the standard quadratic Eq. (1).

The estimated value of the error in the determination of the bandgap energy is less than or
equal to +1%. This error arises from the determination of the peak wavelength of the lumines-
cence band. It takesinto account the accuracy of both the experimental setup and luminescence
band mathematical fit. The error in the determination of the indium composition, as deduced
from Egs. (2) and (4), is estimated to be less than or equal to +3% for both fully relaxed and
strained InGaN layers. These errors are calculated by taking into account (i) the error in the
determination, from XRD measurements, of the interplanar spacing dog of InGaN and GaN

#205139 - $15.00 USD Received 18 Feb 2014; revised 4 Apr 2014; accepted 5 Apr 2014; published 29 Apr 2014
(C) 2014 OSA 1 May 2014 | Vol. 4, No. 5| DOI:10.1364/OME.4.001030 | OPTICAL MATERIALS EXPRESS 1033



layers which can be calculated using the Braggs law differentiation [19]:

% ~ COt(ABpy ) X AO 5)
Ok

where 6y isthe Bragg angle, and A6 the step sizein 0 ; (ii) the uncertainty in the knowledge
of the literature values of both strain-free out-of-plane lattice constant of InN and Poissons
coefficient. This estimation leads to indium composition errors equal to +1% and +3% for
fully relaxed and strained InGaN layers, respectively. Due to the uncertainty in the knowledge
of the literature values of Poissons coefficient, the error is found to be larger in the case of the
strained layers. However, in the case of the relaxed layers, the rather scattered experimental
InGaN diffraction spots yield an increase of the error in the determination of the values of the
lattice parameters. Finally, an error of 3% is estimated for both relaxed and strained InGaN
layers.

3. Resultsand discussion

3.1. Sorting of the InGaN samples according to their strain state rate and indium content

XRD spectraof all the samples were analyzed to determine their indium content, thickness, and
strain state rate. Their surface morphology has been also characterized using scanning electron
microscopy. Figure 1 summarizes this analysis. According to their morphology, the samples
can be sorted in three different sets of samplesnamed A, B, and C. Thefirst set (set A) includes
samples exhibiting 2D surface morphology and fully strained InGaN layers, while the third
set (set C) comprises samples with 3D surface morphology and fully relaxed InGaN layers. In
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Fig. 1: InGaN surface morphology versusindium composition and epilayer thickness. The the-
oretical critical layer thickness as deduced from the model of Fisher et a. [23] is also reported
(dashed line).

between these two sets, the set B contains samples with 2D surface morphology, in which 3D
indium rich inclusions embedded in the 2D InGaN matrix tend to appear [21], and partialy
relaxed InGaN layers. Such local indium rich domains contribute to the transition from 2D
(set A) to 3D (set C) growth mode observed in samples whose thicknesses are larger than the
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critical layer thickness. To highlight that point, the critical layer thickness for plastic relaxation
computed from the model reported by Fischer et al. [23] is aso reported (dashed line) in Fig.
1. According to that model, the critical layer thickness h¢ is:

he B x cosA ( 1-% )

B +47r><c032)L><(1+v)

- 6
infs 0.0836 x X | ©)

where B is Burger’'s vector magnitude, A the angle between the Burger’s vector and the in-
terface, x the Ga content of the In;_xGaxN layer, and v is Poisson’s coefficient as discussed
above. The values of Burger’s vector used to obtain the curve plotted in Fig. 1, are taken from
the literature [24] and are equa to 0.324 nm and O degrees for the magnitude and the angle
respectively.

To support our previous anaysis, typical (11.4) RSMs and (00.2) w-26 scans of sam-
ples from set A and C are presented in Fig. 2. Peaks related to fully strained (R=0%) and re-
laxed (R=100%) filmswith different indium compositions should lie on the vertical and oblique
dashed-line, respectively. For clarity, the strained and fully relaxed diffraction spots are named
InGaN#1 and InGaN#2, respectively. In Fig. 2(a), the InGaN layer of set A isshown to befully
strained on GaN, asan InGaN diffraction spot lies on the vertical line corresponding to pseudo-
morphic InGaN on aGaN template substrate. The indium composition deduced from the (114)
RSM and the (004) scan is equal to 10.6%. In addition, the (00.2) XRD w-20 scan revealed
severa diffraction satellites which fit well with 25nm InGaN layer thickness (Fig. 2(b)). For

L // f J
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Fig. 2: Examples of typical (114) RSM and @ — 20 XRD scans obtained in the case of (a-b) a
sample from set A (2D morphology and fully strained InGaN layers) and (c-d) a sample from
set C (3D morphology and fully relaxed InGaN layers), respectively.

thick layers (set C), the asymmetric RSM presents two InGaN diffraction spots, as shown in
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Fig. 2(c). Asthe strain of the film changes at a fixed composition, the peak should move on iso-
composition lines (dashed lines) which have been calculated according to the model proposed
in[25], Peireiraet a. For InGaN#1, the in-plane peak position occurs very close to the value of
the GaN template peak (AQX:—O.OOOSAA) indicating that the film is ailmost fully strained on
the substrate. Furthermore, the position of the second InGaN broad diffraction spot correspond-
ing to afully relaxed layer indicates higher indium content for InGaN#2 than for InGaN#1. In
Fig. 2(d), the (002) scan reveals only one InGaN large diffraction peak with no Pendell6sung
fringes which is consistent with the 3D surface morphology of samples from set C. The InGaN
peak corresponds to a 13.8% indium content partially relaxed (around 6%) InGaN sublayer
while indium composition is calculated to be equal to 21.3% for the fully relaxed sublayer (In-
GaN#2). A structure consisting on a InGaN#2 (R=100%, 120nm) / InGaN#1 (R=6%, 30nm) /
GaN template provides a good fit to experimental results, as shown in Fig. 2(d). Since the aim
of this paper is the determination of the bandgap bowing parameter in both fully strained and
relaxed layers, only results obtained from samples of set A and set C will be considered in the
following. Nevertheless, Fig. 3 summarizes RSMs results, showing strain state for al twenty
six samples studied in this work.

0,775
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0,770 e setB g
A setC
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Fig. 3: Summary of RSMs results, showing strain state (for samples of set C only the relaxed
sublayer is reported) for all twenty six samples studied in this work.

3.2. Determination of the bandgap emission energy

RT depth-resolved CL measurements were performed for electron beam energy varying from 3
to 17keV. For clarity, only the most representative spectra are presented in Fig. 4. Monte-Carlo
simulation allows calculation of the overlap shape of the energy loss rate as a function of the
layer depth. For an increase of the electron beam energy, the region of maximum loss moves
progressively from the near surface to the interface region. As the electron beam energy varies
from 3keV to 5keV (12keV), such regions correspond to cal culated sample depths of maximum
energy loss of 23nm and 46nm (155nm), respectively. Strained films (samples from set A) show
two peaks located at around 366nm and 410nm as well as large bands (GaN and InGaN defects
transitions [26,27]) whatever the electron beam energy (Fig. 4a). The peaks are attributed to the
GaN template substrate and InGaN layer, respectively. The variation in intensity of both peaks
with electron beam energy isin agreement with Monte-Carlo simulations. For the samples of set
C, CL spectrachangedrastically with the accel eration voltage, asshownin Fig. 4b. At 3keV, we
observe only the InGaN peak at around 510nm and a broad band centered close to 650nm (In-
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Fig. 4: Typical room temperature CL spectra obtained at different electron beam energy for
samples from set A (@) and set C (b).

GaN defect band). For an increase of the electron beam energy to 5keV, a second peak appears
at lower wavelength (425nm). The splitting of both InGaN CL peaks can be explained in terms
of strain relaxation and/or indium composition fluctuation. However, this value is huge (around
438meV) compared to that calculated for both relaxed and strained peaks positions by Pereira
et a. [28] for an indium content of 10% and equal to 150meV. Thus, the splitting observed in
Fig. 4b cannot be only explained by strained relaxation but also by an increase on the indium
composition in InGaN in agreement with the XRD RSM reported in Fig. 2(c). According to
such results as well as to Monte-Carlo simulations, the 425nm and 510nm wavelength peak
positions are attributed to InGaN#1 (strained InGaN) and InGaN#2 (relaxed InGaN) sublayers,
respectively. This interpretation is also confirmed by a nanometer-scale, quantitative composi-
tion mapping of InGaN layers obtained from a combination of scanning transmission electron
microscopy and energy dispersive x-ray spectroscopy on some of the samples and conducted in
aprevious study [29, 30].

3.3. Determination of the bandgap energy bowing parameters

Figures 5a and 5b show the indium content dependencies of the bandgap emission energy as
deduced from PL and CL measurements for both fully strained and relaxed InGaN layers, re-
spectively. The value of the bandgap emission energy bowing parameter b can be deduced from
these data using a relative least squares method. We have thus conducted such a least squares
fit using Eq. (1) and the data of Fig. 5 for both extreme state of strain of the InGaN layers. The
GaN bandgap was measured as 3.39eV (RT CL) in agreement with the value reported at 300K
by Yam et a. [31] and Islam et al. [8]. That of bulk InN is subject to variations in the literature.
We have taken into account values varying between 0.64eV and 0.77eV at 300K [11, 32, 33],
and estimated the bandgap bowing parameter b for relaxed layers within this range of values.
Furthermore, in the case of strained layers, to calculate the bandgap of pseudomorphic InN on
GaN template we have used the input equation and deformation potentials of references[34,35].
The effect of the strain leads to atheoretical increase of the InN bandgap of 0.1eV. For strained
layers, the value of b can thus be fitted for InN bandgaps in the range of 0.74eV to 0.87eV.
Conducting fits for many values of the InN bandgap shows that the InN bandgap energy de-
pendences of the bowing parameter b can be described by the following linear equations for
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Fig. 5: Low In content dependence of the bandgap emission energy in fully strained (a) and
relaxed (b) InGaN layers. The solid lines represent the best relative least squares method fit
according to Eqg. (1). For an InN bandgap energy of 0.7eV, the values of the bowing param-
eter are equal to 1.324+0.28eV and 2.87+0.2eV for fully strained and relaxed InGaN layers,
respectively.

strained and relaxed layers, respectively:

p(strained) — 1,154 x EJ™ +0.396 @
plrelaxed) — 1230 x ES™ 4 2.010

For both states of strain, we have assumed that, if the InGaN bandgap measurement was done
again, there would be 95% chance that the new measurements fall within a 3% maximum
distance from the initial measurement. In other words, the bandgap measurement is obtained
with a6% precision at a5% risk. As no precise statistical method can be found in the literature
to take into account the errors on both variables within a statistical fit, we also assume an exact
measurement of the composition value. In terms of possible errors on the determination of
the values of b, they are to be understood differently for each state of strain. We found that,
for the relaxed sample, there was more than 70% chance that the quadratic model is able to
correctly describe our measurements. Thus, assuming the quadratic model truthfulness, b is
found to fall at a maximum distance of 0.2eV from the values given on the figure with 95%
chance. For the strained sample, the model truthfulness probability rises to more than 90%,
whereas the maximum error on b, with a 5% risk, is 0.28eV. The possible measurement errors
on the bandgap that we have taken into this statistical study are slightly higher than those that
have been estimated independently above. Thisis not surprising and not contradictory since we
have not taken into account, in the statistical analysis, the possible errors on the composition,
which are in fact relatively greater than that on the bandgap. The linear dependence of b with
respect to E{;‘N (Eq. (7)) alows us to obtain the value of the bandgap bowing parameter from
the measured value of the InN bandgap. For instance, a bulk InN bandgap energy of 0.70eV
would lead to values of b equal to 2.87+0.2eV and 1.32+0.28¢eV for relaxed and strained
layers, respectively. Table 1 summarizes the values of the bandgap energy bowing parameter b
obtained in the frame of this work and compared to values reported by different other authors.
To our knowledge, the value of b for strained layers is reported for the first time since the re-
evaluation of the InN bandgap. For relaxed samples, our value of b is consistent with the results
of Islam et al. [8] and Moret et a. [9] and quite different from the data of Kurouchi et al. [10].
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Using the values of the bowing parameter b and Eq. (1), it is possible to extrapolate the indium

Strainstate  [In] (%) Eg™(eV) b (eV) Experimental Reference

strained 0-15 074-0.87 1.25-1.40 CL Thiswork
relaxed 0-25 064-077 28-296 CL Thiswork
relaxed 0-40 - 2.62 PL [8]
relaxed 61 - 100 0.66 1.8 PL [10]
relaxed 0-100 0.8 2.8 PL (10K) [9]

Table 1. Room temperature values of the emission bandgap energy bowing parameter b ob-
tained in the frame of this work and compared to values reported by different other authors
since the InN bandgap re-evaluation. Note that the data of Moret et a. [9] are obtained at 10K.

content dependence of the bandgap energy of the InGaN alloys to the whole indium content
range and for the different InN bandgap values. Figures 6a and 6b show values of the bandgap
energy measured within this work and by other authors, aswell as their extrapolations for both
strained and relaxed InGaN layers. As can be seen, for both strain state of the layers, our results
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Fig. 6: Extrapolation of the In content dependence of the bandgap energy of InGaN alloysto the
whole indium content range according to the different InN bandgap values, for @) strained and
b) relaxed layers. Data obtained in this work and by other authors are shown for comparison.

are in good agreement with data of references [8,12,13]. Data of Moret et a. [9], which have
been obtained for composition close to the two binary endpoints and at low temperature, are
slightly larger than our experimental values. Such adifferenceis consistent with the temperature
bandgap variation described by the Varshni’s equation. For indium-rich InGaN alloys, the data
of [32], Walukiewicz et al., and [10], Kurouchi et a., seem to be in a better agreement with the
fitswhose InN bandgap energy and bowing parameters values are equal to 0.77eV and 2.96eV,
respectively.

3.4. Indium content mapping of thick InGaN layers

Asan example, we apply the modified Vegard's laws, describing accurately the indium content
dependence of the bandgap emission energy in InGaN alloy and for the whole range of indium
content, to build 3D mapping of indium content in athick InGaN layer from bandgap energy

#205139 - $15.00 USD Received 18 Feb 2014; revised 4 Apr 2014; accepted 5 Apr 2014; published 29 Apr 2014
(C) 2014 OSA 1 May 2014 | Vol. 4, No. 5| DOI:10.1364/OME.4.001030 | OPTICAL MATERIALS EXPRESS 1039



measurement using CL and a corresponding hyperspectral map. For this, using the modified
Vegard's laws, the change in the wavelength peak (or energy) position can be converted into
composition variation for a given state of strain. Thisis applied to a 130nm thick InGaN layer
from the set of samples C. XRD measurements analysis on this sample indicate a structure
consisting in a 120nm thick, almost fully relaxed, InGaN#2 layer with 25% of In content, on a
30nm thick, almost fully strained (0.7% of relaxation), InGaN#1 layer with 14.1% of In con-
tent. The spatial variation of the luminescence was recorded for different electron beam energy
through 400 points over a top sample surface of 5 x 5um?. The corresponding CL hyperspec-
tral mappings obtained at 3keV and 7keV which correspond to the maximum of CL intensity
expected for InGaN#2 and InGaN#1 sublayers are presented in Fig. 7a and Fig. 7b, respec-
tively. The plot of the corresponding compositional variation calculated by taking into account
the strain state (deduced from XRD RSM measurements) of each sublayer and according to the
different Vegard's laws and thus values of the bandgap energy bowing parameter b are shown
in Fig. 7c and Fig. 7d. The two sublayers exhibit rather large inhomogeneities. For the near-

a) 0 b) . v -520
-500 £ A 500
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Fig. 7: CL hyperspectral maps (a-b) and corresponding indium content maps (c-d) of a 130nm
thick InGaN layer from the set of samples C obtained for electron beam energy of 3keV (b-d,
InGaN#2 sublayer) and 7keV (a-c, InGaN#1 sublayer).

surface sublayer (InGaN#2) the average indium content is roughly equal to 21% and varies
down to 18% at some places. Such compositional inhomogeneity is consistent with the broad
InGaN#2 diffraction spot observed on the XRD RSM (not shown here). Near the InGaN/GaN
interface, the InGaN#1 sublayer should be more homogeneous. It is not fully the case. This can
be explained by the larger electron beam energy required to reach the InGaN#1 sublayer, and
thus larger interaction region including the InGaN#2 sublayer. Some indium content fluctua-
tions that appear in Fig. 7b can thus be attributed to the latter. Nevertheless, an average indium
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content of 14.5% with some variations down to 13% can be seen in the InGaN#1 sublayer.

4, Conclusion

We have determined the bandgap energy bowing parameter of both strained and relaxed In-
GaN layers. The indium content bandgap energy dependence was fitted using a least square
method leading to arange of values of the bowing parameter according to the value of the InN
bandgap energy. Our results are demonstrated to be significant for CL measurements and espe-
cialy to map the spatial compositional variation of a given sample with different state of strain.
This work also provides interesting tools for the analysis and characterization of InGaN-based
nanostructures and heterostructures.
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