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Molecular beam epitaxy growth of GaAs ;_,Bi,
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GaAs ,Bi, epilayers with bismuth concentrations up %e=3.1% were grown on GaAs by
molecular beam epitaxy. The Bi content in the films was measured by Rutherford backscattering
spectroscopy. X-ray diffraction shows that GaAsBi is pseudomorphically strained to GaAs but that
some structural disorder is present in the thick films. The extrapolation of the lattice constant of
GaAsBi to the hypothetical zincblende GaBi alloy gives 6:8806 A. Room-temperature
photoluminescence of the GaAsBi epilayers is obtained and a significant redshift in the emission of
GaAsBi of ~84 meV per percent Bi is observed. @003 American Institute of Physics.
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Materials for the active region of diode lasers and pho-tion system, equipped with conventional Knudsen effusion
todetectors operating in the infrared and near infrared are theells for Ga, and Bi, and a two-zone cracker source for.As
subject of intense researtfechnology based on IlI-V sub- The substrate temperature is monitored throughout the
strates such as GaAs presents several advantages over canewth using an optical band-gap thermometer with an accu-
peting technologies. Among these are the low cost of GaAsacy of ~2.5°C. The beam equivalent pressyBEP) is
substrates and the availability of the low refractive indexmeasured using a retractable ion gauge. In order to incorpo-
AlGaAs alloys, which are lattice matched to GaAs. rate Bi into the lattice, GaAsBi was grown at a low substrate

Material systems involving GaAs alloyed with nitrogen temperature of 380 °C. In an earlier study, bismuth was used
and antimony have been extensively studied whereas alloygs a surfactant in the growth of dilute nitridésaNAs and
with another element of the column V, bismuth, has receivednGaNAs and it was found that for substrate temperatures
very little attention. GaBi has not been synthesized yet but idigher than 450 °C and for arsenic flux larger than gallium
expected to be a semimefaTherefore, the introduction of flux, less than X 10" cm™2 of Bi is incorporated into the
Bi into GaAs should lead to a decrease in the band gagilms as determined from secondary ion mass spectrothetry.
Another interesting material is GaAs co-alloyed with nitro- As important as the substrate temperature, the arsenic to gal-
gen and bismutf.Both N and Bi would lead to a reduction lium flux ratio needs to be close to the stochiometric value in
in the band gap, while the small atomic size of nitrogenorder for Bi to incorporate significantly. This may indicate
compensate for the large size of the Bi atom, resulting in ghat Bi and As compete for lattice sites, and we therefore
low band gap alloy lattice matched to GaAs. assume that the Bi occupies As sites. Good control over the

The molecular beam epitaxyMBE) growth of most AS; overpressure was achieved using a valve on the arsenic
-V alloys is rather well established whereas GaAsBij cracker. According to Farrow, the bismuth beam from a con-
growth to date has only been reported using metalorgani¥entional Knudsen oven is composed of Bi and Bi com-
vapor phase epitaxyMOVPE).*® Due to its large size, bis- Pparable amountSIn this work, the bismuth BEP ranged up

muth surface segregates and does not incorporate under ty$ 10 Torr. Epiready (100-oriented, on axis £0.5°)
cal MBE Ill-V growth conditions. GaAs substrates were used. The substrates were first ramped

In this letter, we report on the epitaxia| growth of to ~615°C for 10 min to remove the native surface oxide.
GaAsBi by MBE. The lattice constant and the crystal quality The GaAsBi growth rate was 12 nm/min. Each sample is
of the layers are studied using x-ray diffraction. The Bi con-composed of an-200 nm GaAs buffer layer and a 100—-300
centration is measured by Rutherford backscattering spedm GaAsBi epilayer.
troscopy(RBS) and the energy of the band gap of the alloy is Eigure 1 shows the Gl(lqzl x-ray diffra_ction -patterns
measured using room-temperature photoluminescence spetained from three GaAs,Biy epilayers. Diffraction from
troscopy. (004) planes is measured usirng-2¢ scans. The angla¢

The samples were grown in a VG-V80H MBE deposi- relative to the diffraction peak of GaAs is used in the figure.

The sharp peaks located 29=0 correspond to the diffrac-
AElectronic mail: txier@physics.ube.ca tion from _the Ga_As buffer layer anq su_bstrate. The peak lo-
PNow at: Lytek Corporation, 4717 E. Hilton, Phoenix, AZ 84034. cated on its left is from the GaAsBi epilayer.

9Also at: Department of Electrical and Computer Engineering, University of As expected,_increasing the Bi C_Omem Of_ the _epilayer
British Columbia. increases the lattice constant and shifts the diffraction peak
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FIG. 2. Lattice parameter of the pseudomorptopen squaneand free
standing(filled squarg GaAsBi alloys as a function of the Bi concentration.

he lattice parameters are from x-ray measurements and the Bi concentra-
ons are from RBS. The solid line is a linear fit. The extrapolated lattice
parameter for GaBidg,g) is indicated.

FIG. 1. X-ray 6-20 diffraction pattern from(004) lattice planes of GaAsBi
epilayers on GaAs. The dotted lines are simulations using the dynamica{
theory.

to lower diffraction angles. Asymmetric-space maps were sured by x-ray diffraction while the Bi concentrations were
performed to study the strain state of the epilayers. The thregptained using RBS. The parameters for the pseudomorphic
samples shown in Fig. 1 were found to be pseudomorphic.GaAsBi films are obtained from the raw x-ray data and rep-

Since the lattice constant of cubic GaBi is unknown, theresent the lattice parameters in the growth direction. The
Bi concentration cannot be obtained from the lattice conparameters for the free standing films are obtained by cor-
stant, as is routinely done for ternary semiconductor alloysrecting the x-ray data for the tetragonal distortion using the
Bi concentrations were measured with RBS, the results oglastic constants of GaAs. The lattice parameters show a lin-
which are discussed below. We find that the Bi concentratiorar trend with the Bi concentration in accordance with Veg-
in the samples ar&=0.4%, 1.3%, and 3.1%see Fig. 1. ard’s law. By extrapolating the trend for the free standing
The epilayer thicknesses as obtained by x-ray diffractiorfims to the binary GaBi, a lattice parameter of 6.33
simulations and RBS profiles are270, 110, and 270 nm for +0.06 A is obtained. This is higher than the value of 6.192
the sample with 0.4%, 1.3%, and 3.1% Bi, respectively. Thed extrapolated by Oe from MOVPE GaAsBi grown
dotted lines in Fig. 1 are simulations of the x-ray patternsepilayers but is in very good agreement with the calculated
using the dynamical theory. The tetragonal distortion inducedalue of 6.324 A using the local density approximation in the
by the epitaxy is taken into account using the elastic condensity-functional formalisr.
stants of GaAs. We find that there is a good agreement be- PhotoluminescencéL) spectra from the three samples
tween experimental and simulated patterns, especially for theresented in Fig. 1 are shown in Fig. 3. These spectra were
sample with 1.3% Bi. The diffraction pattern for this samplerecorded at room temperature. GaBi is believed to be a semi-
shows well defined thickness fringes, indicating the presenceetal. Its estimated band gap is approximatel§.45 eV?
of a smooth and coherent interface. The sample with 0.4% BAs expected, the PL peak energy decreases with increasing
shows very weak interference fringes most likely due toBi content. The peak energies are 1.4, 1.28, and 1.16 eV for
roughening of the surface. It appears that as the growth prahe samples with 0.4%, 1.3%, and 3.1% BiI, respectively.
ceeds, the surface roughness increases. In the case of tNete that the energy measured from photoluminescence is in
3.1% Bi sample, no interference fringes can be observed aragreement with the energy of the heavy-hole to conduction
the diffraction peak sits on a wide diffuse scattering peakband transition measured from modulated electro-
This is an indication that structural disorder and/or Bi con-reflectancé.The band gap change is84 meV/% Bi, which
centration inhomogeneity are present in this sample. It i$s significant when compared to the band gap variation of
possible that plastic deformation started to occur in thisother 1lI-V alloys with similar alloying ratios(i.e., 16
sample and that inhomogeneous strain associated with misfiteV/% In, 21 meV/% Sb, and 125 meV/% N for InGaAs,
dislocations may explain the broadening of the x-ray peakGaAsSh, and GaNAs, respectivel\rhis dependence is sig-
The lattice mismatch with GaAs of the GaAsBi, epilayer nificantly larger than the~46 meV/% reported earlier by
with x=3.1% Bi is 0.37%. Critical thickness reported for the Oe®> The reason for this discrepancy is not known. Our data
formation of misfit dislocations of InGaAs on GaAs with a provide evidence for an abnormally large decrease in the
similar lattice mismatch is~60 nm, which is significantly band gap compared to that expected from linear interpola-
less than the 270 nm of the present sanfiple. tion.

The lattice parameter for the pseudomorphic and free The full width at half maximum(FWHM) of the PL
standing GaAsBi alloys is shown as a function of the Biincreases with Bi concentration. In order of increasing con-

concentration in Fig. 2. The lattice parameters were meaeentration, the values are50, 89, and 106 meV. The broad-
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ing the surface and bulk atom diffusion, that is by increasing
the growth temperature and the arsenic flux. However, the

b 1.3%Bi mismatch between GaAs and the extrapolated value of cubic
GaBi is very large, approximately 12%. Therefore, the strain
0.8 - x 100 energy in the GaAsBi epilayers with large Bi concentrations
 AGaAs likely contributes to the deterioration of the crystalline qual-
3.1% Bi 0.4% Bi ity of the samples and to the increase in the FWHM of the
0.6 o photoluminescence. Optimization of the growth conditions
89 meV and/or restriction of the growth to quantum well type thick-

nesses may solve this problem.

GaAs _,Bi, epilayers with Bi content up tx=3.1%
were grown on GaAs substrates by molecular beam epitaxy.
Good structural properties and room-temperature photolumi-
nescence were obtained. However, the presence of some
structural disorder or plastic relaxation is evidenced by the
relatively large width of the photoluminescence spectra, and

0.4 ~50 meV

0.2 4

300K photoluminescence intensity (arb. units)

0.0 - T T T T T further optimization of the growth conditions is possible. The
11 12 1.8 14 1.5 extrapolation of RBS and x-ray diffraction data to the GaBi
Energy (eV) alloy gives a lattice parameter of 6:38.06 A. GaAsBi is a
FIG. 3. Room-temperature photoluminescence from GaAsBi epilayers wittP"OMising new materials system for long wavelengths de-
0.4%, 1.3%, and 3.1% Bi. vices.

S.T., MAA, T.T., PW.,, and F.K. thank NSERC for finan-
ening is relatively large. The photoluminescence width ofcial assistance, S.F. and A.M. acknowledge support from the
InGaAs at 1 eV is typically under 40 meV. The photolumi- DOE/SC/BES/DMS, and P.W. and F.K. acknowledge Nano-
nescence intensity is greater for the thinner sample witlyuebec for financial assistance.

1.3% Bi content. This is consistent with the thicker sample
with large Bi content being partially relaxed and containing ) ' _ _
misfit dislocations. The weak PL intensity of the sample with ,3- S Haris, Semicond. Sci. Technal, 880 (2002.
| Bi could be the result of the small electronic confine- A. Janotti, S.-H. Wei, and S. B. Zhang, Phys. Re\6% 115203(2002. ;
ow - - - ] 3A. Mascarenhas, Y. Zhang, J. Verley, and M. J. Seong, Superlattices Mi-
ment at the epilayer/buffer interface, which leads to higher crostruct.29, 395 (2002.
probabilities of radiative recombination in the buffer layer ‘S‘K- Oe and H. Okarlnot% Jpn. J. Appl. Phg/s., gati?zL1283(199&
ot ; : ; >K. Oe, Jpn. J. Appl. Phys., Part4ll, 2801(2002.

and nonradiative recomblngtlon at thoe buffer/s%bstr.ate inters ¢ Tixier, M. Adamcyk, E. C. Young, J. H. Schmid, and T. Tiedje, J. Cryst,
face. The peaks at 1.42 eV in the 1.3% and 3.1% Bi samplesg,oyih (10 be publishey
are due to the GaAs buffer layer. "R. F. C. Farrow, J. Vac. Sci. Technol. B 222 (1983.

The re|ative|y |arge peak width of the ph0t0|umines- SE.A. Fitzgerald Properties of Lattice-Matched and Strained Indium Gal-

cence could be attributed to the structural disorder caused by!“™ ArsenideIEE EMIS Datareviews Serie edited by P. Bhattacharya
) (1993.
the low growth temperature and low Asverpressure. Films 95 Francoeur, M.-J. Seong, A. Mascarenhas, S. Tixier, M. Adamcyk, and T.

with high structural quality are usually obtained by increas- Tiedje, Appl. Phys. Lett(to be published

Downloaded 03 Apr 2003 to 132.204.164.170. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



