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Reexaminatio n of N compositio n dependenc e of coherentl y grown
GaNAs band gap energy with high-resolutio n x-ray diffraction

mappin g measurements

Katsuhiro Uesugi,? Nobuki Morooka, and Ikuo Suemune
Researh Institute for Electronic Science Hokkaid University, Sappoo 060-0812 Japan

(Receivel 30 March 1998 acceptd for publication 29 Decembe 1998

GaNAs films grown on GaAg001) substrate by metalorgarg molecula bean epitax were studied

by high-resolutim x-ray diffraction (XRD) mappirg measurementsThe lattice constarg of
epitaxid films are usualy estimate from symmetrc and asymmetii XRD 26— 6 measurements. In
this study; it is pointed out that the consideratia of the tilt angke betwea the GaAg115 and
GaNAg115 planes causd by elastt deformatiom of the films is crucid to determire the lattice
constang of the GaNAs films coherenyy grown on GaAs substratesMapping measuremestof

(115 XRD (26— 6) — Aw were performed for this purpose. The band gap energy of the films was
determiné by Fourig transfom absorptim spectroscop measurementsThe bard gap energy
bowing measurd up to the N compositio of 4.5% will be discussd by comparig with other
measuremestard theoretich calculations © 199 American Institute of Physics.

[S0003-695(99)00809-9

GaNAs alloys hawe bee intensivey investigate to fab-
ricate new IlI-V light emitting devices for opticd communi-
cations They hawe peculia properties compare with con-
ventiona Ill-V alloys sud as large redshit of bard gap
energy with increasiy N compositions Weyers Satq and
Ando' and Kondow et al.? experimentail demonstrate the
reduction of bard gags in diluted GaNAs; , alloys (x
<1.5%). GaNAs films were grown on a GaAs substras by
metalorgarg chemicé vapa depositiom (MOCVD) and gas-
sour@ molecula bean epitaxyy (GSMBE), respectively The
measurd bard gaps were very close to the one calculatel by
Sakaj Uetg and Teraucht base on the dielectrc model?
Ougazzade et al. reportal the GaNAs with 3% N composi-
tion grown on a GaAs substra¢ using atmosphen pressure
metalorgart vapa phae epitayy (AP-MOVPE).® They ob-
tained a pe& photoluminescere (PL) wavelengh of 1.17
pum at room temperature Bi and Tu recenty reportel the
opticd behavio of GaNAs films (x<14.8%6) grown on a
GaP substrat by GSMBE® They showel tha the bard gap
bowing was dependenon the N compositim in GaNAs
films. We hawe also reportel similar bard gap bowing of
GaNAs films (x=7.2%) grown on a GaAs substras by met-
alorgant molecula beam epitay (MOMBE).’

More recently Bellaiche Wei, ard Zunge demonstrated
the dependene of the calculatel bard ggp of GaNAs on the
crystalline structures such as bulk and cohereny strained
conditions® They showal the importane of lattice relax-
ation, chemicé effects ard disorde on the bard ggp of Ga-
NAs. Therefore it is importart to study the detailel strain
properties of the GaNAs films. In this study; high-resolution
X-ray diffraction (XRD) mappirg measurements® were
carried out to determire the strain properties of the epitaxial
GaNAs films and the N compositian in GaNAs Preci lat-
tice structures of the epitaxid films were extractel from
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(004 260-6 scan and two-dimensional 62- §) — A map-
ping arourd (115 diffraction peals as describé below. We
will discus the comparisa betwea the measurd bard gap
bowing of the coherent} strainel GaNAs on (001) GaAs and
the previous reports.

GaNAs films were grown on semi-insulatig GaAg001)
substrate by MOMBE. The precursos usal were triethyl-
gallium, monomethylhydrazine and trisdimethylaminoar-
senic GaNAs films 0.1-1 um thick were grown at tempera-
tures of 520-570 °C. Detailed growth conditiors are reported
elsewher€:*! The XRD analyss were carried out using a
Philips high-resolutim XRD system For the collimatar in
front of the detector a Gg(220) analyze was used.

In orde to determire the lattice parameteof the epitax-
ial films perpendicula(a,) and parallé (a;) to the (001)
substrag surface both symmetre and asymmetig reflections
are usualy measurd by the conventionh 20— 6 scan
method™?~* Figure 1 shows a typicd (004) 26— 6 curve of
a GaNAs film (optimizatian of 26— 6 scan is done for the
Bragg pek of the GaAs substrag as areferene crysta). A
GaNAs pe& ard sone thicknes fringe peals are clearly
observed This suggest tha the solid compositin is
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FIG. 1. Typicd (004 26— 6 curve of the GaNAs film grown on the GaAs
substrateThe full width at half maximum of the GaAs pe& and the GaNAs
ped is 17 ard 47 arc sec respectively.

© 1999 American Institute of Physics

Copyright ©2001. All Rights Reserved.



Appl. Phys. Lett., Vol. 74, No. 9, 1 March 1999

s
(115) XRD map GaNAS(”?@Q
0.041
)
9_) Q
3 ;
T 0.021- Intensity (cps) o
s 100
4 500
GaAs(115) 28888
»F‘ Y
oFbAfef----------—--- L - -
©
1 L L 1 L | i | I
90.1 90.2 90.3 90.4 90.5
26 (degrees)

FIG. 2. Typicd (115 XRD map of the GaNAs film coherenty grown on the
GaAs surface The tilt ange Ay between the GaA315 and the
GaNAg115) planes is 0.048°.

homogeneos ard the film has a high epitaxid quality.
The film tilt between the GaAq001) and the
GaNAg001) planes was nat observe by the (004) measure-
mert of this sampé rotatel 180° arourd the surface
normall® From the separatio betwea the GaAs and GaNAs
peaks a, is estimatd to be 5.63% A. The thicknes of the
GaNAs film is calculatel to be 0.37 um by the usual
formulal®

It is well known tha the inclination betwea the asym-
metric plare of the substra¢ and that of the epitaxid film is
usualy observe if the film is subje¢ to a tetragonal
distortion?? The angle ¢ between the001) plane and the
(115 plare of the straina films is estimate from
=tan Y(v2a, /5a,;). When the lattice structue has the cubic
symmety sud as the GaAs substrate or lattice matchel or
fully relaxal epitaxid films (a, =4a;), ¢ is the constant value
of 15.793° However, for the epitaxial films under the elas-
tic distortion is dependenon the lattice parametes a, and
a,, which suggest that ¢ is generally dependent on the
stran in the grown epitaxid film. The tilt angke Ay between
the GaAg115 plare ard the GaNAq115) plare is related
throudh the equation

Ay=tan 1(v2/5)—tan (v2a, /5a). )

Since the conventionh26— 6 scan can measure only in one

of the [115] directiors of eithe the substrag or the strained
film, a single scax cannd determire the diffraction angle
with enoudn accuracy Ay is usually estimated by the two
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FIG. 3. Dependeneof (a) the lattice parametes ard (b) the tilt angke Ay on
the N compositio in GaNAs.

angk of the GaNAg115) plarein Fig. 2, the d spacimg of the
GaNAg115) plare d,;5 is estimate to be 1.088 A. The
lattice parameteparallé to the (001 surfa® a, is relatal to
the above-determirg quantities (a, , Ay andd;45) by the
equation

1/d1152:2/a”2+ 25/aL2 (2)

ard Eq. (1). From thes equations @, is calculatel to be
5.6 A, which isin goad agreemetwith the lattice constant
of GaAs (agaad- This shows tha the GaNAs film was co-
herenty grown on the GaAs surface Thes resuls shawv that
the asymmetic XRD mappirg measuremestcan precisely
determire the three-dimensiorlacrystallire structure of the
coherenty grown epitaxid films.

The elastt deformation of the epitaxid films is ex-
pressd by

a, =q;+(Cq131+2C19)/Cq)(ag—ay), 3

where C,; ard C4, are the elastt constars for GaNAs and
a, is the lattice constam of cubic GaNAs The N composi-
tion x is estimate from a, assumig Vegards law

ap=Xagant (1 —X)agans (4)

wher ag,y is the lattice constam of cubic GaN (4.50 A).
Since the elastt constars for GaNAs are not available lin-
ea interpolation was usel for GaAs ard cubic phae GaN>’

20— 6 curves with the sample rotated by 180° around theAs for the possibé bowing of the GaNAs elastt constants,

(115 plare normal? In this study, high resolutian (26

— #) — Aw mapping methods® were usal as the character-
ization technique to determire both the tilt angle Ay and the
actud Bragg angk of the film. The mosac structue of the
films was also observed.

Figure 2 shows atypicd (26— 6) — Aw map around the
(115 diffraction peaks This mgp was constructd by the
repeatd 26— @ scans at the different offsets é&dAw). It can
be sea that the diffraction peals from the GaAg115 and
GaNAg115 planes are directly observe on the map The
separatia of the GaNAs pe& in the offse Aw is estimated
to be 0.048¢ which correspondto the tilt angke Ay between

the maximum errar for the 5% N compositio was estimated
by assumig the extrerme cases of GaAs and Gal elastic
constantswhich were 5.08% ard 4.52% respectively The N
composition determiné in this way showeal good agree-
mens with othe dat&® confirmeal by the secondar ion
mas spectroscop (SIMS), which will be shown in Fig. 4
later.

Figure 3(a) summarize the measurd lattice parameters
of the GaNAs films. The solid and dashe lines are the cal-
culatal lattice parametes perpendicula (a,) and parallel
(a;) to the GaAs substrag surfae of coherenty strained
GaNAs Figure 3(b) shows the correspondig dependene of

the GaNAq115 and GaAq115 planes From the Bra(c);% A”Aw on the N composition measured 415 XRD maps.
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FIG. 4. Relationshp betwea the N compositio in GaNAs and the mea-
sural bard ggp energy The dashé lines are the calculatel bard gap ener-
gies basel on the dielectrc modé (Ref. 3) and basel on the first-principle
supercdl modek by Bellaiche et al. (Ref. 8).

The solid ard dashe lines are calculatel from Eq. (1) for
cohereny strainal (a,=ag,ad ard fully relaxel (a, =q,)
GaNAs geometriesrespectively The measurd resuls are in
goad agreemenwith the calculationsand this shows tha all
the sample are coherenyy grown on the GaAg4001) sub-
strates.

The bard gep enery of GaNAs films was estimate by
Fourig transfom absorptio spectroscop measuremestat
300 K. The N compositimmn dependeneof the measurd band
gap energis is shown in Fig. 4 by the closel circles All the
GaNAs films are coherenty grown on (001) GaAs as dis-
cusseé above The dashée lines are the theoreticd bard gap
energies basel on the dielectrc modef ard on the first-
principle supercdl modek by Bellaiche Wei, and Zunger
(bulk condition ard coherenty strainal conditiors on GaAs
and on GaP.2 Recem experimenth resuls grown on
GaAs">®ard on GaP are al shown in this figure We note
tha our resuls agree with the earlie SIMS and PL studies
reportel by Kondow, Uomi, ard Hosomf ard Ougazzaden
et al.’> The bard gg measurd on the sampé with 4.5% N
compositian is 0.9% eV at 300 K, which correspondto the

wavelengh of 1.3 um. This result suggests that coherent

GaNAs films with a high quality may be possibé to realize
long-wavelendt lase diodes operatirg in the 1.3 um region.
The measurd bard ggp energies are very clos to the
dielectrc calculation for the smalle N compositios (X
=<1.2%). However they deviake consideraky} from the di-
electrc calculation asthe N compositian increasesRecently,
we reportel the MOMBE grown GaNAs propertiess mea-
sured by (004 XRD mappirg and atomi force microscopy
(AFM).1! Although the GaNAs surface with smal N com-
positiors were atomicaly flat acros the wide area (x
<1.2%), those with the higha N compositios showel the

locd area slightly inclined (0.1-0.2° alorng the (TlO) di-

Uesugi, Morooka, and Suemune

rection The lattice constan of thes locd tilted GaNAs areas
was vely close to tha of the remainirg maja GaNAs areas.
The deviatim of the bowing properties abowe 2% in Fig. 4

may be unde the influene of this inhomogeneityDetails of

this locd orderirg effeda for the higha N composition are
unde study. The bard gags of GaNAs films grown on GaP
substrate reportel by Bi ard Tu® are close to the first-

principle supercdl calculatiors bas& on the differert strain
conditions The deviatin of the bard gaps of GaNAs grown

on GaAs and GaP may be due to the difference of the sub-
strates and the related strain conditions.

In summary the crystallire structure of GaNAs films
grown on GaAg001) substrate by MOMBE were studied by
high-resolutim XRD mappirg measurements o obtan ac-
curae values of the lattice constang of strainal epitaxial
films, asymmetre XRD mappirg measuremestshoutl be
used We showal the bard gap enery of the coherently
strainel GaNAs films on the GaAs substrate reachs the
wavelengh of 1.3 um with the N composition of 4.5%. Al-
thoudh the measurd bard ggp enery was velry close to the
dielectric calculation for the smalle N compositionsit de-
viated considerah as the N composition increases The
preseh measuremestas well as othess shav tha there still
remah sone discrepancigwith the first-principle theoretical
calculations and furthe works will be necessar to have
self-consistenhunderstanding.
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