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Structural and optical properties of pseudomorphic In xGa12xN alloys
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Thick ~225 nm! InxGa12xN layers, grown on 5mm thick GaN, were found by x-ray diffraction
~XRD! measurements to be pseudomorphic up tox50.114. Transmission electron microscopy
showed that no misfit or additional threading dislocations were created at the InxGa12xN/GaN
interface. Composition of the overlayers was determined by Rutherford backscattering spectrometry
and correlated to both thea andc lattice constants from XRD. It was found that Vegard’s law is
applicable at these compositions, if the biaxial strain is included. Biaxial strain must also be
considered to accurately determine the bowing parameter as shown by optical transmission
measurements. ©1998 American Institute of Physics.@S0003-6951~98!00539-7#
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The band gaps of InxGa12xN alloys cover a wide spec
tral range, from red~InN! to UV ~GaN!, making this alloy
system ideal for optoelectronic applications as light-emitt
and laser diodes.1,2 The relationship between the emissio
wavelength with the In composition has usually been co
lated to the band-gap energy with a bowing parameter o
eV.3,4 This has arisen since the composition of t
InxGa12xN layers is typically determined from thec lattice
parameter, measured by x-ray diffraction~XRD!. This as-
sumes that the layers are relaxed and follow Vegard’s la5

In this letter we report that InxGa12xN layers grown on
GaN are in biaxial compression. Therefore, to determine
composition by XRD, both thec and a lattice parameters
must be measured, and the elastic constants of InxGa12xN
must be known. We have previously reported th
InxGa12xN epilayers grown on GaN on sapphire substra
are pseudomorphic for thicknesst5225 nm at x up to
0.114.6 This is well beyond the critical thickness typical fo
other III–V semiconductor alloys,7 and furthermore, the In
composition exceeds the equilibrium solid solubility limit fo
indium in GaN determined by Ho and Stringfellow.8 More
recently, psudomorphic growth has also been found fox
,0.20 att540 nm.9 In the latter work, the elastic constan
used to determine the composition were interpolated fr
published values for InN and GaN.8 However, it is worth
noting the reported values for the elastic constants vary o
a large range.10

In this work, we provide additional evidence that thic
~225 nm! InxGa12xN epilayers grown on GaN are pseud
morphic to the underlying GaN layer up tox50.114 without
the presence of misfit dislocations at the InxGa12xN/GaN
interface. The composition of the InxGa12xN layers was
measured by Rutherford backscattering spectrometry~RBS!
and correlated to high-resolution x-ray diffraction~HRXRD!
measurements of thea and c lattice constants. In addition
the energy-band gap of the strained alloys was measured
compared to the composition. We further make the comp

a!Electronic mail: romano@parc.xerox.com
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son to the composition and optical properties reported in
literature for thin InxGa12xN layers used in device structure
by assuming they are also pseudomorphic.4 This results in a
larger bowing parameter than previously reported
InxGa12xN alloys.4

InxGa12xN layers~225 nm thick! were grown at 750 °C
on 5 mm thick GaN onc-plane sapphire by metalorgan
chemical vapor deposition~MOCVD!. The a and c lattice
constants were determined by measuring the~101̄2! and
~0002! reflections, respectively, using a high-resoluti
triple-axis diffractometer with CuKa radiation. Composi-
tions were determined from RBS by using 2 MeV He io
with an uncertainty inx,0.01. The film thickness and defec
structure were analyzed with cross-section transmission e
tron microscopy~XTEM!. The XTEM was carried out at 300
kV on samples that were mechanically thinned to,5 mm
and ion milled to electron transparency using a liqu
nitrogen cold stage. Chemical x-ray~EDX! analysis was car-
ried out in the TEM to confirm the location of the InxGa12xN
layer. The band gap of the InxGa12xN epilayers was deter
mined by optical transmission.

The maximum In composition to obtain single-pha
InxGa12xN alloys was determined by RBS to bex50.114.
The full width half maximumDv of the ~0002! reflection
was found to increase withx ~see Table I!. For x.0.114, the
composition of the films was inhomogeneous as indicated
RBS and XRD measurements. In these films, several pe
were found in the XRD, corresponding to different comp

TABLE I. Values for the compositionx of InxGa12xN alloys determined by
RBS and calculated from XRD measurements. The full width half ma
mum.v, of the rocking curve is from XRD in units of minutes. Calculate
values of the critical thickness and the strain are also tabulated for eac
the alloy compositions.

x(RBS) x, pseudo x, ~0002! Crit t, nm Strain, % Dv~0002!, min

0.054 0.055 0.076 12.8 0.21 6.70
0.072 0.072 0.104 8.7 0.32 8.80
0.100 0.097 0.142 5.5 0.37 12.90
0.114 0.115 0.167 4.6 0.51 19.30
7 © 1998 American Institute of Physics
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sitions of hexagonal InxGa12xN. Neither InN or In metal
was detected by XRD and TEM studies.

The c lattice parameter was measured by HRXRD
several samples and is plotted in Fig. 1 as a function of th
composition as determined by RBS. The experimental va
are found to be greater than values assuming a linear in
polation of the composition with thec lattice parameters o
unstrained GaN and InN withc0

GaN55.1871 and c0
InN

55.705 ~the dashed line in Fig. 1!. The value forx deter-
mined from thec lattice parameter would, consequently, r
sult in a composition that is much higher than the act
composition. These values are tabulated in Table I ax,
~0002!. The in-planea lattice parameter measured for film
with x50.055, 0.072, and 0.10 was found to correspond
thea lattice parameter of the underlying GaN, indicating th
the films are pseudomorphic and in biaxial compression.

The compositionx could be determined from measur
ments of the lattice parameter from the following express
that includes strain:11

ec /ea5@~c2c0!/c0#/@~a2a0!/a0#522n/~12n!, ~1!

whereec andea is the strain along thec anda axis, respec-
tively, n is Poisson’s ratio, anda0 and c0 are the relaxed
values of the lattice parameters, which depend onx. The
value ofn was found from XRD measurements of GaN to
equal to 0.18.12 If we assume that the relaxed values a
linear in x, i.e.,

c05c0
GaN~12x!1c0

InN~x!

and

a05a0
GaN~12x!1a0

InN~x!, ~2!

then the calculated values agree with the composition
tained from RBS~listed in Table I asx, pseudo!. This indi-
cates that if biaxial strain is included, the lattice parame
has a linear dependence on composition alloys forx,0.10,
and therefore, can be described by Vegard’s law.

FIG. 1. XRD measurement of thec lattice parameter versus compositionx
of InxGa12xN determined by RBS. The solid line is a least-squares linea
of the data. The dashed line is a linear interpolation of thec lattice param-
eters of GaN and InN.
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For films with x50.114, the width of the XRD diffrac-
tion peaks were too broad to accurately determine thea lat-
tice parameter. However, by using the above conclusion
Vegard’s law is valid, the composition was calculated fro
the measured value of thec lattice parameter and also foun
to be close to the composition obtained from RBS~x, pseudo
in Table I!. This indicates that the film is also pseudomorph
with the underlying GaN. The strain was calculated for
the samples by comparing the lattice constants obtained
XRD and the relaxed values from Vegard’s law. Table I lis
the values of strain and estimated values for the criti
thickness from the equation of Matthews and Blakeslee
cussed in Ref. 13. It is surprising that these films rem
pseudomorphic, given the large amount of strain and
thickness of the films. This suggests the difficulty in the fo
mation of dislocations in InxGa12xN alloys at these growth
temperatures.

TEM investigations were made to study the dislocati
structure at the InxGa12xN/GaN interface. Figure 2 shows a
XTEM micrograph of the In0.114Ga0.886N/GaN interface. The
image is taken near the@112̄0# zone axis withg511̄02 in
order to reveal the majority of the dislocations that cont
both edge and screw components and to enhance the con
between the In0.114Ga0.886N and GaN layer. The horizonta
arrows in Fig. 3 mark the position of the In0.114Ga0.886N/GaN

t

FIG. 2. XTEM micrograph taken near the@11–20# zone axis withg

511̄02 showing no misfit dislocations or additional threading dislocation
an In0.114Ga0.886N/GaN interface. V grooves observed at the surface of
film are associated with threading dislocations.

FIG. 3. Measured band gaps of InxGa12xN alloys versus InN fraction. The
solid line is a least-squares fit to the data of this work. Results of Take
et al. ~Ref. 9! ~dotted line! and Nakamura~Ref. 4! ~dashed line! are shown
for comparison. We also show a reanalysis of Ref. 4 assuming pseudo
phic strain.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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interface. This position was also confirmed with EDX ana
sis by the absence of the In x-ray line in the GaN layer. T
threading dislocations from the underlying GaN are found
propagate through the In0.114Ga0.886N layer. No misfit dislo-
cations are detected at the In0.114Ga0.886N/GaN interface.
However, within 100 nm of the interface, stacking fault d
fects~f ! are observed in the GaN layer. This was also fou
in samples of lower composition and in a sample t
showed phase separation. A possible origin of the fau
structure is that the large compressive strain in
InxGa12xN layer induces shear in the less compliant G
layer.

Diffraction contrast ~bright/dark regions! along the
growth direction can also be observed in the image, wh
suggests a cell structure that continues from the GaN la
into the In0.114Ga0.886N layer. The regions are separate
by parallel sets of threading dislocations that are 100–
nm apart. The surface of the In0.114Ga0.886N layer shows V-
groove defects along the$101̄1% planes that are associate
with threading dislocations and the cell structure.

The band gaps of the strained InxGa12xN epilayers were
determined by optical transmission spectroscopy and c
pared to the In composition. Figure 3 shows that our m
sured values are up to 0.05 eV higher than those previo
obtained by Takeuchiet al., who measured photolumines
cence~PL! peaks of strained, 40 nm thick InxGa12xN films.9

This difference is to be expected, since the PL peak ener
of thick InxGa12xN epilayers are typically lower than th
band-gap energies.3 However, our results and those o
Takeuchiet al. are both in disagreement with previous me
surements on thin InxGa12xN layers in MQW structures.3,4

In these measurements, only thec lattice parameter was use
to determine the composition of the film and therefore
sulted in an overestimate ofx.3,4 We recalculated values fo
the In composition usingn50.18 and the assumption o
pseudomorphic strain, for the band-gap measurement
Ref. 4. As shown in Fig. 3, the recalculated band gaps ar
good agreement with our work and Takeuchiet al., which
suggests that the previous study4 was performed on pseudo
morphically strained InxGa12xN layers. Therefore, this re
sults in a bowing parameter greater than the 1.0 eV that
Downloaded 23 Dec 2005 to 134.121.128.99. Redistribution subject to AI
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originally determined from this study.4 Recently, the bowing
parameter obtained from our measurements was found t
composition dependent and as high as 3.8 eV forx50.1.14

In conclusion, we have demonstrated that 225 nm th
InxGa12xN layers grown on GaN are pseudomorphic up
x50.114. This is well beyond the equilibrium critical thick
ness determined by the lattice misfit. However, TEM show
no misfit dislocations at the InxGa12xN/GaN interface,
which suggests a high activation energy for the formation
dislocations. The band gap of strained InxGa12xN for x
<0.12 was measured, resulting in a bowing parameter
InxGa12xN that is significantly higher than previousl
reported.3,4,15 Vegard’s law was found to be valid for thes
alloys if the biaxial compression is included.

The authors would like to acknowledge discussions w
Chris Van de Walle at Xerox Palo Alto Research Center a
Jeff Rosner at Hewlett-Packard Laboratories. The work
supported by DARPA MDA972-96-3-0014.

1S. Nakamura, M. Senoh, N. Iwasa, and S. Nagahama, Jpn. J. Appl. P
Part 234, L797 ~1995!.

2S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. M
sushita, H. Kiyoko, and Y. Sugimoto, Jpn. J. Appl. Phys., Part 235, L74
~1996!.

3W. Shan, B. D. Little, J. J. Song, Z. C. Feng, M. Schurman, and R.
Stall, Appl. Phys. Lett.69, 3315~1996!.

4S. Nakamura, Solid State Commun.102, 237 ~1997!.
5L. Vegard, Z. Phys.5, 17 ~1921!.
6L. T. Romano, presented at the 3rd GaN Workshop, St. Louis, Ma
13–15, 1996.

7See, for, e.g., Hull and Bean, Crit. Rev. Solid State Mater. Sci.17, 507
~1992!.

8I. Ho and G. B. Stringfellow, Appl. Phys. Lett.69, 2701~1996!.
9T. Takeuchi, H. Takeuchi, S. Soto, H. Sakai, H. Amano, and I. Akasa
Jpn. J. Appl. Phys., Part 236, L177 ~1997!.

10A. F. Wright, J. Appl. Phys.82, 2833~1997!.
11A. Kelly and G. W. Groves,Crystallography and Crystal Defects

~Addison-Wesley, Reading, MA, 1970!.
12L. T. Romano, B. S. Krusor, J. W. Ager III, and R. J. Molnar~unpub-

lished!.
13S. C. Jain, M. Willander, and H. Maes, Semicond. Sci. Technol.11, 641

~1996!.
14M. D. McCluskey, C. G. Van de Walle, C. P. Master, L. T. Romano, a

N. M. Johnson, Appl. Phys. Lett.72, 2725~1998!.
15A. F. Wright and J. S. Nelson, Appl. Phys. Lett.66, 3051~1995!.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp


