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A modified mode for GaAsN growth using solid-source molecular beam epitaxy in conjunction with
dispersive nitrogen to avoid the bombardment effect of energetic nitrogen ions is reported.
High-quality GaAsN epilayers and good GaAsN/GaAs interfaces were achieved using this growth
mode. The results suggest that the surface of samples grown using dispersive nitrogen has fewer
defects than those grown using the direct nitrogen beam. The optical quality of GaAsN samples
grown using the dispersive nitrogen technique was found to improve, due to the lower nitrogen ion
bombardment effect. This growth technique is expected to be advantageous for growing
high-quality GaAsN materials for optoelectronic applications. 2@02 American Vacuum Society.
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[. INTRODUCTION To minimize the bombardment effect of energetic nitro-
gen ions, the GaAsN materials in our study were grown us-
The increasing demand for 1.3 and 168 optical com-  ing the dispersive plasma-activated nitrogen technique in a
munication systems and networks paves the way for the desolid-source MBE(SSMBBE) system. Compared to the con-
velopment of new material systems such as GaAs-based njentional MBE and MOCVD technique, this is a modified
trides. This material system, when grown on a GaAsgrowth method. Double-crystal x-ray diffractigXRD) and
substrate, offers the strong possibility of making devices thaphotoluminescencéL) measurements, as well as the obser-
are able to operate at such wavelengths due to the large bardtion of a clear(2x4) streaky reflection high-energy elec-
gap bowing effect. Laser diodes operating at agn8wave-  tron diffraction (RHEED) pattern, indicate that the samples
length based on the quarternary GalnAsN on GaAs substrateave high crystalline and optical quality and a good inter-
have been demonstratédhe use of GaAs-based GalnAsN face.
and GaAsSbN materials for potential applications in a 1.55

um laser diode application has also been repottEde high Il. EXPERIMENTAL DETAILS
conduction band discontinuity of possibly more than 300 .
meV at the interface of the II&V,N)/IlI-V heterostructurg The GaAsN samples were grown in a SSMBE system.

has the potential for creating semiconductor lasers with dis system was equipped with five standard effusion cells
high characteristic temperatufg exceeding 150 K. Indeed, for indium, gallium, aIur_nmum, beryllium, and silicon, three
recently aT,, value of 148 K was demonstrated in GalnAsN/ cracker cells for arsenic, phosphorous, and hydrogen, and
GaAs quantum well lasers emitting at 1ugn.* one plasma source for nitrogen, respectively. The purity of
Recent attempts have been focused on obtaining Gaadll the source charge; _is Six nines. All samples were grown
based nitrides of sufficiently high quality for the fabrication O (001)-oriented semi-insulating GaAs substrates that were
of laser diodes. A number of epitaxial techniques have rePrepared using standard preparation procedures2:Ad)
portedly been used for growing GaAsN. These technique§urface reconstruction was maintained during the entire
include metalorganic chemical vapor depositiMOCVD), growth process. The beam equivalent pressures used for Ga

77 76 .
molecular beam epitaxyMBE),® and metalorgani¢MBE).” and As were 4.5 10' and 6.2 10 ° Torr, respectively.
It is known that most nitrides are relatively stable at the The V/lll ratio was fixed at about 14 for the growth of all

growth temperatures used in MOCVD due to the strong N—x&@mples. The above beam-equivalent pressures result in a
bonds, hence making it difficult to incorporate nitrogen at-9rowth rate of~1.0 m/h verified by time-resolved RHEED
oms into GaAs. Using the plasma-assisted MBE technique, measurements and a step profiler. The nitrogen plasma
large nitrogen concentration in excess of fias been suc- SOU¢€ works at a nitrogen backgrou[ug pressure of 3.6
cessfully incorporated into the GaAsN materials. However,>< 1,0 Torrin th? presence of A46.2x10 " Torr) and was

the layer quality is far from the requirement for device fab-""Ct',Vat_ed by radio freguepc(yf) power greater than 60 W to
rication and could be susceptible to degradation due to thaintain the plasma in high brightness mode.

- - L ; An undoped GaAs buffer layer o300 nm was first
resence of energetic nitrogen ions, resulting in poor optical
Eroperties g g ginp P grown onto the GaAs substrate at 590 °C. The substrate tem-

perature was then reduced to the desired value of 460 °C for
dAlso at Singapore-Massachusetts Institute of Technol®jif ) Alliance. grovvth of the GaAsN epll_ayer: The GaASN sample em-
bAuthor to whom correspondence should be addressed: electronic maiPloyed here was-100 nm in thickness, with a GaAs cap
esfyoon@ntu.edu.sg layer of 20 nm. XRD measurements were carried out on the
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samples. PL experiments were carried out at 4 K. Using a 590 . shuttor closed
514.5 nm beam from an argon ion laser, excitation was at , 5[ i T .- - shutter opened
near normal incidence. The PL signals were detected using & O s - T

= 0 torr :
liquid-nitrogen cooled germaniurfGe) detector in associa- 4.0 45,74-6X10-tomr . :
tion with a standard lock-in technique Sasl. WO S
' T RNEBAXI0 o e

S 30 biT.=460°C et

= g9 H -
[ll. RESULTS AND DISCUSSION g a5l ‘ 3

The fundamental characteristic of conventional MBE § 20 et

growth depends on the material fluxes, which are supplieds | g
directly to the growth surface. Under such conditions, dy- & 15
namic processes on the growth surface govern the growthz P R B B T
characteristics. In our experiment, the growth of GaAsN uses L SRR S
a conventional gallium-effusion cell and a cracker cell for 05 st A
arsenic. A rf activated plasma source is used to generate the 44 ; . N . :
nitrogen species. A shutter is inserted into the path of the 180200 250 300 350 400 450
nitrogen beam in order to interrupt the energetic nitrogen R.F. Power (W)

ions and prevent them from bombarding directly onto theFlG. 1. Experimental and fitting results of nitrogen composition in GaAsN

growth surface. Hence, the nitrogen species are supplied tayer vs rf power of the nitrogen plasma source, under the conditions indi-
the growth surface in a dispersive manner, using the backeated: (#) nitrogen composition in GaAsN grown with direct nitrogen
ground pressure in the growth chamber as an indicator. Bé)__eam,(-) nitrogen composition in GaAsN epilayers grown with dispersive
. - . nitrogen source.
cause the shutter is also utilized as a cooled shield for the
plasma source, the energetic species generated by the plasma
source can be reduced to lower energy states when the spe-
cies impinge onto the cooled shutter. The solid line fitted through the dot symbols was obtained
Because the shutter is electrically grounded, positively oby assuming the number of active nitrogen species in the
negatively charged plasma products can be neutralized. Bé&ackground is a linear function of the rf power. The excellent
having as a kind of energy attenuation and charge filter, theagreement between the fitted line and experimental data in-
cooled and grounded shutter enables the supply of neutratlicates that the assumption of a linear relationship between
ized nitrogen radicals to the growth surface. This has beethe active nitrogen concentration and rf power is reasortable.
confirmed by quadrapole mass spectrometer measurementsOn the other hand, the nitrogen composition in the
of the nitrogen radicals and results from material growth ex-GaAsN epilayer grown with a direct nitrogen beam exhibits
periments to be discussed later in this article. a superlinear behavior following the increase in rf power,
For our MBE system configuration, the optimal back- suggesting a saturation behavior in nitrogen incorporation.
ground nitrogen pressure for effective operation of theBecause the nitrogen composition in the material contributed
plasma source is~3.4x10 % Torr. All samples reported by dispersive nitrogen does not show any deviation from
herein were grown under this optimal pressure conditionlinearity, the saturation behavior in nitrogen incorporation in
Figure 1 shows the relationship between the nitrogen commaterial grown using a direct nitrogen beam can possibly be
position in the GaAsN epilayers and the rf power applied toattributed to the saturation of activated nitrogen flux emitting
the plasma source. The nitrogen composition was determinefdom the plasma source, due to a decrease of the rf power
by fitting the dynamical theory to the XRD experimental coupling factor. This explanation is reasonable, because the
data. Our experiments reveal that the nitrides can be grownitrogen within the plasma source has pressure as low as
with either a direct nitrogen beam from the plasma source o0 ?—10 “ Torr, and there is a limit to how much the rf
dispersive nitrogen from the background. In Fig. 1, the solidpower can be coupled to the nitrogen gas.
diamond symbols indicate the nitrogen composition in Figure 2 shows two XRD rocking curves of the GaAsN
GaAsN grown with direct nitrogen beam from the plasmalayers at the(004) diffraction direction. The solid curve is
source, while the solid dot symbols denote the correspondindata from the sample grown with the dispersive nitrogen
nitrogen composition in GaAsN epilayers grown with disper-source. The dashed curve is data from the sample grown
sive nitrogen source. using the direct nitrogen beam. With reference to the GaAs
It is noted that regardless of whether the growth was carsubstrate peak, the GaAsN peak is easily identifiable, and the
ried out with a direct nitrogen beam or a dispersive nitrogemitrogen composition deduced from the simulation result is
source, the nitrogen composition in the GaAsN epilayer in—~1.3%. This is in good agreement with the nitrogen compo-
creases monotonously as the rf power increases. Our mesiion result of~1.3% deduced from the secondary ion mass
surements revealed that the nitrogen flux from the direct nispectroscopy measurement. Consistent with the RHEED pat-
trogen beam is~2.0x10 7 Torr. Therefore, the solid tern observations, the strong XRD peak further testifies to
diamond symbols represent the combined data caused by tlige high quality of the GaAsN epilayer. Strong fringes are
direct nitrogen beam and background active nitrogen in thelso observed in both XRD spectra, indicating the presence
chamber. of a smooth and abrupt GaAsN/GaAs interface. The XRD

oge
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temperature in MBE growth, these species are readily incor-

GaAs(004) porated into the material to form clusters. Thus, both the
3 crystalline and interface quality of the material can be de-
GaAsN graded by the presence of,Nand N reactive species.
[N]*1-3t:"tt osed This is the reason why the sample grown with the direct
::hﬂtt:: f,,‘,’j,?ed GaAs. N nitrogen beam has a broader XRD -peak gnd fgwer fringes in
067" "0013 the spectrum. In the case of the dispersive nitrogen source,

the N; ions are neutralized, and thes Nmolecules are re-
laxed to the ground state to form,Nnolecules. These N
molecules then become part of the Nackground, which
does not participate in the growth process. The advantages of
using the dispersive nitrogen source in MBE growth of
GaAsN are further corroborated by the following experimen-
2000 000 0 o0 2000 tal evidence.

Omega/2Theta (arcsec.) Figure 3 shows two PL spectra of the GaAsN epilayers at
4 K. The solid curve is the data from the sample grown with

Fie. 2. XRD rocking curve of the as-grown GaAsN epilayer in 1084 5 gispersive nitrogen source, and the dashed curve is the data
diffraction direction. The solid curve is data from the sample grown with a h | . di . b h
dispersive nitrogen source, and the dashed curve is data from the sampfl[aom the sample grown using a direct nitrogen beam. The PL

grown using a direct nitrogen beam. peaks of both spectra, which are located-d41034 nm(~1.2
eV), are consistent with the XRD results. It is noted that the
PL peak of the sample grown with the dispersive nitrogen

result of our sample grown with a dispersive nitrogen sourcesource is much stronger than that of the sample grown with
has a smaller full width at half-maximufFWHM) value the direct nitrogen beam.
compared to that reported by Harmared al,'® whose Furthermore, the FWHM of the PL peak of the sample
samples have nitrogen composition-el.1% to~1.2%. grown with the dispersive nitrogen source is as narrow as

In addition to the fact that the XRD peak of the sample42.4 meV. This is significantly smaller than that of the
grown with the dispersive nitrogen source is stronger tharsample grown with the direct nitrogen beam of 99.2 meV,
that of the sample grown with the direct nitrogen beam, thendicating the higher crystalline quality in the sample grown
FWHM of the XRD peak of the sample grown with disper- with the dispersive nitrogen source, as is shown in Table I.
sive nitrogen source is also narrower than that of the sampl®loreover, the sample grown with the direct nitrogen beam
grown using the direct nitrogen beafi95 versus 251 has a prominent low-energy tail in the PL spectrum, the rea-
arcse¢. This clearly indicates higher crystalline quality in son for which is unclear at this moment.
the sample grown with the dispersive nitrogen source com- Li et al!® have attributed the poor optical properties of
pared to the sample grown using the direct nitrogen beam, akeir as-grown samples to several possible reasons, such as
is presented in Table I, which shows a comparison of sixmplantation damage, presence of group-V vacancies, and
samples grown under direct nitrogen beam and dispersivienpurities. In the case of our samples, the growth conditions
nitrogen. Furthermore, the sample grown with the dispersivare essentially the same, except for the manner in which the
nitrogen source has more fringes in the XRD spectrum, innitrogen is introduced(dispersive versus direct nitrogen
dicating the presence of a smoother and more abrupt intebean). Hence, this suggests that the concentration of
face between the GaAsN and GaAs layers. group-V vacancies and impurities is essentially the same.

In an rf activated direct nitrogen beam process, the nitroHowever, because the PL properties of the samples grown
gen species include N atoms,"Nand N, ions, and meta- using the dispersive nitrogen source and the direct nitrogen
stable N atoms and Bl molecules in the excited statés>  beam are quite different, the group-V vacancies and impuri-
The excited molecular species, such gs &ahd N; , are the ties could not be the main mechanism responsible for the
effective reactive species. Due to difficulty in breaking thepoor optical property of the material.
extremely strong N—N chemical bonds at the low substrate Therefore, it is highly probable in our case that the use of

X-ray Intensity (a.u.)

TasLE |. Comparison of sample properties grown under direct nitrogen beam and dispersive nitrogen.

Nitrogen composition and XRD FWHM PL FWHM Defect density
growth mode (arcseg (meV) (lem?)
0.6% Dispersive 169 35.6 ~5.4 x 10°
Direct beam 201 66.3 ~6.7 x 10
1.0% Dispersive 178 37.8 ~7.8 X 10°
Direct beam 223 78.6 ~8.6 X 10
1.3% Dispersive 195 42.4 ~1.0 x 10*
Direct beam 251 99.2 ~1.0 X 10°
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Fic. 4. Optical microscopy pictures<1000 of the surface of GaAsN epi-
0 “'l" . . . layers grown using{a) the dispersive nitrogen growth mode afig the

000 050 100 o0 7200 direct nitrogen beam growth mode.

Wavelength (nm) aspect that requires more detailed investigation. Neverthe-

Fic. 3. Low temperaturé4 K) PL spectra of as-grown GaAsN ep”ayersl |ESS, thIS Observatlon |S |n I’eaSOI’]ab|e agreement W|th the PL

The solid curve is data from the sample grown with a dispersive nitrogermeasurement results.
source, and the dashed curve is data from the sample grown using a direct

nitrogen beam. IV. CONCLUSION
This article reports the demonstration of a modified

the dispersive nitrogen mode during growth has significantl;?rOWth technique, which uses dispersive nitrogen from a If

. . activated plasma nitrogen source in conjunction with
reduced the effects of implantation damage due to the eNeES\IBE for the arowth of the GaAsN lavers on GaAs sub-
getic nitrogen ions, hence improving the optical quality of g Y

the sample. Although the low-energy tail in the PL speciru strate. When interrupted by a shutter, the direct nitrogen

has been suppressed by use of the dispersive nitrogen mo ﬁeam from the plasma source has the effect of minimizing
the PL peak of GaAsN is not as narrow as expected. Th & bombardment effect of energetic nitrogen ions on the

reasons for the broadening and presence of the low-ener rowth surface. XRD and PL results indicate that in terms of
o . e minescence, crystalline, and interface quality, high-qualit
tail in the PL spectrum, and ways to improve the optical y g y, high-q y

. . o GaAsN epilayers can be achieved using this growth mode.

property of the material, warrant further investigation of the - . : . )
. Preliminary comparison of light microscopy pictures sug-
growth mechanism. Because the PL measurement was per- :
o - gests that the surface of the GaAsN sample grown using the
formed at 4 K, it is probable that the PL emission comes. . .
L S . . . dispersive nitrogen source has fewer defects compared to

from the radiative recombination of excitons in the uninten-

tionally doped GaAsN material, and the low-energy emissior;[hat of the sample grown using the direct nitrogen beam.
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