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Structural and optical properties of pseudomorphic In xGa;_ N alloys
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Thick (225 nm In,Ga, _«N layers, grown on Sum thick GaN, were found by x-ray diffraction
(XRD) measurements to be pseudomorphic upxte0.114. Transmission electron microscopy
showed that no misfit or additional threading dislocations were created at ,j&@, InN/GaN
interface. Composition of the overlayers was determined by Rutherford backscattering spectrometry
and correlated to both the 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. €998 American Institute of PhysidsS0003-695(98)00539-1

The band gaps of g, _,N alloys cover a wide spec- son to the composition and optical properties reported in the
tral range, from redInN) to UV (GaN), making this alloy literature for thin InGa, _,N layers used in device structures
system ideal for optoelectronic applications as light-emittingby assuming they are also pseudomorghltis results in a
and laser diodek? The relationship between the emission larger bowing parameter than previously reported for
wavelength with the In composition has usually been correin,Ga,_,N alloys?
lated to the band-gap energy with a bowing parameter of 1  In,Ga, _N layers(225 nm thick were grown at 750 °C
eV3* This has arisen since the composition of theon 5 um thick GaN onc-plane sapphire by metalorganic
In,Ga,_,N layers is typically determined from thelattice ~ chemical vapor depositiotMOCVD). The a and c lattice
parameter, measured by x-ray diffractiodRD). This as- constants were determined by measuring (h612) and
sumes that the layers are relaxed and follow Vegard's’law.(0002 reflections, respectively, using a high-resolution

In this letter we report that l(lGalfo |ayers grown on triple-axis diffractometer with ClK « radiation. Composi-
GaN are in biaxial compression. Therefore, to determine th&ons were determined from RBS by using 2 MeV He ions
composition by XRD, both the and a lattice parameters with an uncertainty irx<<0.01. The film thickness and defect
must be measured, and the elastic constants @%an ,N  Structure were analyzed with cross-section transmission elec-
must be known. We have previously reported thattron microscopyXTEM). The XTEM was carried out at 300
In,Ga,_N epilayers grown on GaN on sapphire substratekV on samples that were mechanically thinned<té um
are pseudomorphic for thickneds=225nm atx up to and ion milled to electron transparency using a liquid-
0.114° This is well beyond the critical thickness typical for Nitrogen cold stage. Chemical x-raiDX) analysis was car-
other IlI-V semiconductor alloysand furthermore, the In fied outin the TEM to confirm the location of the,(Ba N
composition exceeds the equilibrium solid solubility limit for 12yer- The band gap of the JGa N epilayers was deter-
indium in GaN determined by Ho and Stringfell§wMore ~ Mined by optical transmission. o
recently, psudomorphic growth has also been foundxfor The maximum In composition to obtain single-phase
<0.20 att=40 nm? In the latter work, the elastic constants NxG&-xN alloys was determined by RBS to be-0.114.
used to determine the composition were interpolated from N€ full width half maximumAw of the (0002 reflection
published values for InN and GalNHowever, it is worth was found to increase witk(see Table)l Forx>0.114, the

noting the reported values for the elastic constants vary ovefoMPosition of the films was inhomogeneous as indicated by
a large range? RBS and XRD measurements. In these films, several peaks

In this work, we provide additional evidence that thick were found in the XRD, corresponding to different compo-

(225 nm In,Ga _,N epilayers grown on GaN are pseudo-
morphic to the underlying GaN layer up xe=0.114 without = TABLE I. Values for the compositiom of In,Ga, N alloys determined by

the presence of misfit dislocations at the(CHai, N/GaN RBS and calculated from XRD measurements. The full width half maxi-
interf Th it f th N | X mum. w, of the rocking curve is from XRD in units of minutes. Calculated
Interiace. € composition o € X _ & —xIN 1ay€rs Was ;65 of the critical thickness and the strain are also tabulated for each of
measured by Rutherford backscattering spectrom@&BS) the alloy compositions.

and correlated to high-resolution x-ray diffracti@RXRD)
measurements of tha and ¢ lattice constants. In addition,

Xx(RBS) X, pseudo x, (0002 Critt, nm Strain, % Aw(0002, min

the energy-band gap of the strained alloys was measured and.os4 0.055 0.076 12.8 0.21 6.70
compared to the composition. We further make the compatri- 0.072 0.072 0.104 8.7 0.32 8.80
0.100 0.097 0.142 55 0.37 12.90
0.114 0.115 0.167 4.6 0.51 19.30
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FIG. 2. XTEM micrograph taken near the1-2Q zone axis withg
= 1102 showing no misfit dislocations or additional threading dislocations at

an Iny,115a ggd\N/GaN interface. V grooves observed at the surface of the
film are associated with threading dislocations.
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For films with x=0.114, the width of the XRD diffrac-
In mole fraction, x (RBS) tion peaks were too broad to accurately determineathe-
FIG. 1. XRD measurement of thelattice parameter versus composition tice parameter. However, by usmg_ t_he above conclusion that
of In,Ga,_,N determined by RBS. The solid line is a least-squares linear fitV€gard's law is valid, the composition was calculated from
of the data. The dashed line is a linear interpolation ofcettice param-  the measured value of thelattice parameter and also found
eters of GaN and InN. to be close to the composition obtained from R&Spseudo
in Table ). This indicates that the film is also pseudomorphic
sitions of hexagonal §Ga_,N. Neither InN or In metal With the underlying GaN. The strain was calculated for all
was detected by XRD and TEM studies. the samples by comparing the lattice constants obtained by
The ¢ lattice parameter was measured by HRXRD forXRD and the relaxed values from Vegard’s law. Table | lists
several samples and is plotted in Fig. 1 as a function of the Iithe values of strain and estimated values for the critical
composition as determined by RBS. The experimental valuelickness from the equation of Matthews and Blakeslee dis-
are found to be greater than values assuming a linear intefussed in Ref. 13. It is surprising that these films remain
polation of the composition with the lattice parameters of Pseudomorphic, given the large amount of strain and the
unstrained GaN and InN withcS®N=5.1871 andc{™ thickness of the films. This suggests the difficulty in the for-
=5.705 (the dashed line in Fig.)1 The value forx deter- ~Mmation of dislocations in Ga N alloys at these growth
mined from thec lattice parameter would, consequently, re- temperatures.
sult in a composition that is much higher than the actual TEM investigations were made to study the dislocation
composition. These values are tabulated in Table Ixas Structure atthe kGa,_,N/GaN interface. Figure 2 shows an
(0002. The in-planea lattice parameter measured for films XTEM micrograph of the Ig1:/G& gsd\/GaN interface. The
with x=0.055, 0.072, and 0.10 was found to correspond tdmage is taken near thegl120] zone axis withg=1102 in
thea lattice parameter of the underlying GaN, indicating thatorder to reveal the majority of the dislocations that contain
the films are pseudomorphic and in biaxial compression. both edge and screw components and to enhance the contrast
The compositiorx could be determined from measure- between the In;;Ga gsdN and GaN layer. The horizontal
ments of the lattice parameter from the following expressiorfrrows in Fig. 3 mark the position of thelp Ga ggd\N/GaN
that includes straif!

" T 4360
GC/Ga:[(C_Co)/COJ/[(a_ao)/ao]:_21//(1_1}), (1) 34+ Ref. 4
wheree. and e, is the strain along the anda axis, respec-
tively, v is Poisson’s ratio, andg and c, are the relaxed 3.3F Ref. 4 380 E
values of the lattice parameters, which dependxoilhe E S~ recalculated L;,
value of v was found from XRD measurements of GaNto be g 3.2 S~ 5
equal to 0.182 If we assume that the relaxed values are & Ref. 9 | 5
linear inx, i.e., g 31} ~_ 7400 %
@ : > =
Co=cg™M1—x)+cg™(x) sol
and ~ 420
2-9 L 1 1 kS
ag= aOGaN( 1-x)+ a'O”N(x), 2) 0.00 0.05 0.10 0.15

. . InN Fraction (x)
then the calculated values agree with the composition ob-
tained from RBS(listed in Table | as, pseud®. This indi-  FIG. 3. Measured band gaps of,®e,_.N alloys versus InN fraction. The
S Ay P : olid line is a least-squares fit to the data of this work. Results of Takeuchi
cates that if biaxial strain is mcluded_,_the lattice parametelzt al. (Ref. 9 (dotted lino and NakamuraRef. 4 (dashed linare shown
has a linear dependence on composition alloysxta0.10, for comparison. We also show a reanalysis of Ref. 4 assuming pseudomor-

and therefore, can be described by Vegard's law. phic strain.
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interface. This position was also confirmed with EDX analy-originally determined from this studyRecently, the bowing
sis by the absence of the In x-ray line in the GaN layer. Theparameter obtained from our measurements was found to be
threading dislocations from the underlying GaN are found toccomposition dependent and as high as 3.8 e\kfe0.1*
propagate through the Jn,a gsd\ layer. No misfit dislo- In conclusion, we have demonstrated that 225 nm thick
cations are detected at theglnfa gsdN/GaN interface. In,Ga _,N layers grown on GaN are pseudomorphic up to
However, within 100 nm of the interface, stacking fault de-x=0.114. This is well beyond the equilibrium critical thick-
fects(f ) are observed in the GaN layer. This was also founchess determined by the lattice misfit. However, TEM showed
in samples of lower composition and in a sample thatno misfit dislocations at the jGa _,N/GaN interface,
showed phase separation. A possible origin of the faultedvhich suggests a high activation energy for the formation of
structure is that the large compressive strain in thedislocations. The band gap of strainedGa_,N for x
In,Ga,_«N layer induces shear in the less compliant GaN=<0.12 was measured, resulting in a bowing parameter for
layer. In,Ga, 4N that is significantly higher than previously

Diffraction contrast (bright/dark regions along the reported®*°Vegard's law was found to be valid for these
growth direction can also be observed in the image, whictalloys if the biaxial compression is included.

suggests a cell structure that continues from the GaN layer ) ] ) )
into the Iny 115 geN layer. The regions are separated The authors would like to acknowledge discussions with

by parallel sets of threading dislocations that are 100—50&rs Van de Walle at Xerox Palo Alto Research Center and
nm apart. The surface of theg.Ga, gsd\ layer shows V- Jeff Rosner at Hewlett-Packard Laboratories. The work is
groove defects along thil011} planes that are associated SUPPOrted by DARPA MDA972-96-3-0014.
with threading dislocations and the cell structure.
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