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Large band gap bowing of In ,Ga;_,N alloys
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Band gap measurements have been performed on straig@d, InN epilayers withx<0.12. The
experimental data indicate that the bowing of the band gap is much larger than commonly assumed.
We have performed first-principles calculations for the band gap as a function of alloy composition
and find that the bowing is strongly composition dependentxAD.125 the calculated bowing
parameter ishb=3.5eV, in good agreement with the experimental values. 198 American
Institute of Physicg.S0003-695(98)02321-3

The development of blue light-emitting diodemnd laser  energies in Fig. 2, wherg was determined by Rutherford
diode$ has focused a great deal of research activity on GaNbackscattering spectrometi§RBS), which determines the
based IlI-V nitrides. The band gaps of,(Bg _,N alloys InN fraction with an accuracy of-0.005. A linear least-
cover a wide spectral range, from réaN) to UV (GaN), squares fit to the band gap data yields
making this alloy system ideal for optoelectronic -~
applications’ It has recently been reported that thick E=3.42-39% (x<0.12 @
(>1000 A) InGa, _,N epilayers grown on GaN on a sap- WhereE is in units of eV, as shown in Fig. 2. Alternatively,
phire substrate are pseudomorphically strainedkfs0.2*°> x may be determined by XRD, with the assumption of
In this letter, we report the results of experimental and thepseudomorphic strain and a Poisson’s ratio of 6%2Uhis

oretical studies of the band gaps of strainegGa _,N al- latter method yields the same results as those obtained by
loys. From the experimental data, a bowing parameter of 3.&BS to within experimental error. Our measured values of
eV is derived for relaxed iGa _,N with x=0.10. the band gap are somewhat higher than those previously ob-

Wurtzite GaN and InN have direct band gap minima attained by photoluminescend®L) spectroscopy. This dif-
3.8 and 1.8 eV, respectively, at room temperature. The ference is not surprising, since the PL peak energies of thick

band gap of an Ga _,N alloy is usually described by InXGai_éI}l layers are typically lower than the band gap
energies:
Eingan(X) = (1= X)Egant XEjny—bX(1—X), 1) We emphasize that Eq2) applies only tostrained

whereb is a concentration-independent bowing parameter™Ga&-xN.  To determine the band gap forelaxed
Wright and Nelsof used first-principles calculations to de- ''xG@&-xN, the shift of the band gap due to strain must be
rive a bowing parameter df=1.02 eV for InGa, _N. This f:onfsldered.ZThe shift of excitonic transition energies in GaN
value was obtained from Eq1), with the calculated band 'S 9'V€n by
gaps of GaN, InN, and jpxGa, sN. AE=-9.3¢, (3

In this letter, the bowing of the band gap is derived from
optical transmission measurements forGa; _,N with X Wavelength (nm)
<0.12. InGa _4N epilayers were grown by metalorganic 440 420 400 380
chemical vapor deposition to a thickness of approximately : ' ' T
0.25um on a 1um layer of GaN on a sapphire substrate. As T=300K
reported by Romanet al,*® the InGa,_,N epilayers used
in this study are strained such that the measured value of the
in-plane lattice constant is identical to the in-plane lattice
constant of the underlying GaN. Pseudomorphically strained
In,Ga _,N has also been reported by Takeuehil?® Typi-
cally, x-ray diffraction(XRD) is used to measure the lattice
constant along the axis. The InN concentration is then de-
termined by linear interpolation between the lattice constants
of InN and GaN(Vegard's law. Since the InGa, _,N layers ?
experience biaxial compression, however, the lattice constant
along thec axis is enlongated, resulting in a systematic over- 28 STO ' 3i2 Y
estimation of the InN concentration.

The band gap minima of the J&a, _,N epilayers were
determined by optical transmission spectrosca@pig. 1). FIG. 1. Optical absorption spectra of ,Ba_,N epilayers for (a) x

The InN fractionsx are plotted as a function of the band gap =0.054,(b) x=0.07, and(c) x=0.10, at room temperature. The InN frac-
tion was determined by RBS. The absorption thresholds are indicated by
arrows. The absorption for photon energies greater than 3.4 eV is due to the
¥Electronic mail: mccluske@parc.xerox.com GaN layer.
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' ' ' 1260 though the calculations were performed for the zincblende
34} phase, band gap bowing in the wurtzite phase is expected to
be very similaf®
S 1380 ’g Strong deviations from the quadratic approximati&u.
{’; 3.2r g (1)] were found; i.e., the bowing parameter is strongly com-
8 la00 € position dependent. For=0.0625, 0.125, and 0.25, we find
g % b=4.8, 3.5, and 3.0 eV. These results are in reasonable
@ 30f Strained 420 = agreement with the relaxed band gap values that were de-
- - - - Relaxed N rived experimentally. The large value and strong composi-
08 ) , N Y440 tion dependence of the bowing parameter are not surprising
0.00 0.05 0.10 0.15 considering the large lattice mismatch of the binary com-
InN Fraction (x) pounds GaN and Inf7 It is conceivable that the previous

FIG. 2. Band gaps of strained,l@a _4N from optical transmission mea- measurements'® that yieldedb=1 eV forx~0.1 were also
surements. The solid line is a linear least-squares fit to the strained bar@erformed on IpGa, N layers that were pseudomorphic to
gaps[Eq. (2)]. The dashed line is the band gap refaxed InGa N, GaN. In that case, XRD measurements of the lattice constant
obtained by subtracting the strain contribution, yielding &9. . . .
along thec axis would result in an overestimate »fand a
corresponding underestimate lof
In conclusion, using the correct values for the InN frac-
tion, we have obtained experimental data for the band gap of
e,=[a(GaN)—a(In,Ga _,N)]/a(In,Ga, _,N). (4) strained 1RGa; _,N for x<0.12. Our experimental and the-
oretical results suggest that the bowing parameter for
In,Ga,_,N is approximately 3.8 eV atx=0.1. First-
a(GaN —a(InN) principles calculations reveal a strong composition depen-
= a(GaN) ®) dence of the bowing parameter due to the large size mis-
match between the cations in the alloy.

whereAE is in units of eV andg; is the in-plane strain. The
strain in InGa, _,N is imposed by lattice-matching to GaN:

To first order Eq.(4) can be approximated as

To estimate the band gap of relaxeq@®a,_,N, we assume
that Eq.(3) correctly describes the shift of the band gap for  The authors are pleased to thank D. P. Bour for the
x=0.12. Combining Eqs3) and (5) yields growth of the InGa,_,N epilayers, B. S. Krusor for XRD
AE=1.0X. (6) measurements, K. Nuak@lewlett-Packard Lalsfor RBS
measurements, and N. Connell for helpful discussions. This
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strained band gafEqg. (2)] yields
E=3.42-4.9%, 7

which is plotted as a dashed line in Fig. 2. Equati@h
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