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Epitaxial GaAs12xNx alloy layers, nominally 200-nm-thick, withx up to 0.0375 were grown on
GaAs~001! at temperaturesTs varying from 500 to 650 °C to investigate nitrogen incorporation and
lattice parameter variations during organometallic vapor phase epitaxy from trimethylgallium,
tertiarybutylarsine, and 1,1-dimethylhydrazine. Quantitative secondary ion mass spectrometry
measurements~SIMS! indicate that N incorporation decreases systematically with increasingTs to
become almost negligible at 650 °C. All films are coherent with the substrate as judged by
high-resolution x-ray reciprocal lattice mapping although atomic force microscopy and
cross-sectional transmission electron microscopy reveal the presence of cracks in films withx
.0.02. High-resolution x-ray diffraction measurements combined with SIMS analyses indicate that
the lattice constant decreases linearly with increasingx following closely the predictions of Vegard’s
rule for x,0.03. At higher concentrations, the lattice constant decreases more rapidly as a
significant fraction of N atoms becomes incorporated in nonsubstitutional sites as demonstrated by
nuclear reaction analysis. ©2004 American Vacuum Society.@DOI: 10.1116/1.1689296#
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I. INTRODUCTION

The incorporation of dilute quantities of nitrogen in III–
semiconductors leads to a large reduction of the energy b
gap accompanied by a decrease in lattice constant.1 It has
also been demonstrated that the large conduction-band o
in ~In!GaAsN/GaAs heterojunctions leads to a better elect
confinement and thus an improved temperature stability
heterostructure lasers.2 These properties make dilute sem
conductor nitrides particularly attractive for optical comm
nications at 1.3 and 1.55mm wavelengths.

There are, however, severe challenges associated wit
growth of N-containing III–V semiconductor alloys. Firs
dilute III–V nitride alloys exhibit a miscibility gap. This ar
gues for epitaxial growth under highly kinetically con
strained conditions in order to take advantage of the fact
surface solubilities are orders of magnitude larger than b
values while simultaneously inhibiting phase separation d
ing deposition. Another obstacle to be overcome is the
tremely large difference between the shorter GauN covalent
bond length compared to those for GauAs and InuP.
Moreover, N atoms, due to their very small covalent rad
could tend to be incorporated on nonsubstitutional latt
sites of the zincblende structure or to form defect complex

In order to reduce the lattice parameter and controlla
tailor the optoelectronic properties of dilute III–V nitrid
alloys, it is strongly desirable that N atoms occupy subst

a!Electronic mail: jean-nicolas.beaudry@polymtl.ca
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tional sites. Zunger and collaborators3,4 used pseudopotentia
methods and large atomically relaxed supercells to inve
gate the effects of short-range ordering and small nitro
aggregates on the electronic structure and optical prope
of III–V–N alloys. However, little is known concerning th
detailed N incorporation mechanisms and pathways in III
semiconductors during epitaxial growth.

The general trends observed in molecular-beam epit
and organometallic vapor phase epitaxy~OMVPE! of
GaAs12xNx on GaAs~001! is that the lattice constant initially
decreases linearly withx up to about 0.015–0.020 at a rate
close agreement with predictions from Vegard’s rule.
higher concentrations, however, the lattice constant has b
reported to decrease either slower or faster depending on
growth technique or process conditions.5–7 Recently, it was
suggested that differences in stresses measured via w
curvature measurements and those obtained from h
resolution x-ray diffraction~HR-XRD! analyses were likely
the signature of significant bowing of the elastic properties
GaAs12xNx alloys withx.0.015.8 Nevertheless, no detaile
understanding has yet emerged concerning the atomic
figurations of N incorporated in epitaxial GaAs layers.

In this article, we present a systematic investigation of
incorporation in 200-nm-thick OMVPE GaAs12xNx films
with x up to 0.0375 for growth temperaturesTs varying from
500 to 650 °C. Our combined HR-XRD and secondary i
mass spectrometry~SIMS! measurements indicate comple
N substitutional incorporation at As sites of the zincblen
structure forx up to about 0.03. At higher concentration
7714Õ22„3…Õ771Õ5Õ$19.00 ©2004 American Vacuum Society
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however, the lattice constant decreases more rapidly
predicted by Vegard’s rule while nuclear reaction analy
shows that a significant fraction of N atoms incorporates
nonsubstitutional sites.9

II. EXPERIMENTAL PROCEDURE

GaAs12xNx layers, nominally 200-nm-thick, were grow
on GaAs~001! in a low-pressure cold-wall OMVPE reacto
equipped with a fast-switching run-vent manifold with min
mized dead volume10 using Pd-purified hydrogen as the ca
rier gas, trimethylgallium~TMGa! as the group-III precursor
and tertiarybutylarsine~TBAs! and 1,1-dimethylhydrazine
~DMHy! as group V sources. The reactor pressure was s
100 Torr with a total flow rate maintained at 3000 sccm. T
TMGa partial pressure was fixed at 5.0 mTorr for
GaAs12xNx growth experiments. This provides a nomin
growth rate of 1mm h21.

Prior to the growth, the substrates were cleaned in
etone, isopropanol, and deionized water, and then chemic
etched in HCl for 2 min. They were then dried with purifie
N2 and immediately inserted in the reactor and anneale
650 °C for 10 min under a TBAs flow to obtain a high
quality GaAs~001! surface. 80-nm-thick GaAs buffer layer
were deposited at 650 °C prior to adjusting the substrate t
peratureTs for GaAs12xNx growth. The buffer layers serv
two purposes. They cover any remaining contaminat
while simultaneously providing a more uniform distributio
of terrace lengths. FollowingTs adjustment, DMHy was
added to the gas flow without interrupting the process
order to minimize contamination at the GaAs/GaAsN int
face. TheJTBAs /JTMGa gas flow ratio was maintained at 24
while JV /JIII andJDMHy /JTBAs flux ratios up to 510 and 20
respectively, were used. Film growth temperaturesTs were
monitored using a thermocouple inserted in the graphite
ceptor and controlled, with proportional band feedback,
varying the power applied to the infrared heater.

Total N concentrations were obtained by SIMS using
Cameca IMS-4F operated with a 10 kV Cs1 incident beam.
Samples were kept at24.5 kV and the primary current at 3
nA. The signal of the14N69Ga2 molecular ion was collected
Quantification, within an experimental uncertainty of610%,
was carried out by comparison with N-implanted GaAs st
dards. Quantitative time-of-flight elastic recoil detecti
~TOF-ERD! measurements using a 50 MeV Cu probe be
were carried out to measure residual C incorporation res
ing from organometallic precursor decomposition. The TO
ERD detector is at a fixed scattering angle of 30° to the be
direction. The timing foil, a 20mg cm22 carbon foil, is lo-
cated at 12.5 cm from the target. The secondary elect
generated from the C foil are collected by a microchan
plate detector giving the first timing signal. We use a surfa
barrier detector, located 62 cm from the C foil and subtent
a solid angle of 0.18 msr, to measure the energy and
second timing signal.

Lattice constantsa' along the growth direction, in plan
lattice constantsai , and residual strains were determin
from HR-XRD and high-resolution reciprocal lattice ma
J. Vac. Sci. Technol. A, Vol. 22, No. 3, May ÕJun 2004
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~HR-RLM! around symmetric and asymmetric reflection
The measurements were performed in a Philips hi
resolution diffractometer using CuKa1 radiation (l
50.154 059 7 nm) from a four-crystal Ge~220! Bartels
monochromator which provides an angular divergence,12
arc s with a wavelength spread of 731025. v–2u overview
scans~v is the angle of incidence andu is the Bragg angle!
were obtained with a detector acceptance angle of'2°. An
additional two-crystal Ge~220! analyzer was placed betwee
the sample and the detector to obtain high-resolution~detec-
tor acceptance angle'12 arc s! scans. HR-RLMs were gen
erated from successivev–2u scans starting at different initia
values ofv.

Cross-sectional transmission electron microsco
~XTEM! analyses were carried out in a Philips CM30 micr
scope equipped with a LaB6 electron source operated at 30
kV. Samples were thinned for XTEM observation by conve
tional mechanical polishing followed by low-angle~4°! Ar-
ion milling at 5 keV in a Gatan precision ion polishing sy
tem. The ion beam energy was gradually reduced to 3 k
during the final stages of thinning to minimize sample da
age. Film thicknesses were determined from XTEM or P
dellösung interference fringes observed in HR-XRD wh
possible and otherwise with a combination of SIMS profi
and profilometry to measure crater depth. Nuclear reac
analyses~NRA! in a channeling geometry were carried out
determine the nonsubstitutional N fraction. The14N(a,p)17O
endothermic reaction resulting from irradiation with a 3.
MeV He21 beam and producing 1.23 MeV protons was s
lected to minimize background contributions.11

III. EXPERIMENTAL RESULTS

A series of GaAs12xNx epitaxial layers, nominally 200-
nm-thick, was grown on GaAs~001! as a function of the el-
ement V gas fractionXV5JDMHy /(JTBAs1JDMHy) at tem-
peratures ranging from 500 to 650 °C. SIMS depth profi
indicate that N concentrations remain constant as a func
of depth in all layers studied here, where our highest conc
tration wasx50.0375. Elastic recoil detection measureme
also reveal that C incorporation is minimal. Figure 1 is a p
of the N fractionx in GaAs12xNx layers as a function ofXV

andTs . The N fractionx increases monotonically withXV at
a rate which decreases rapidly with increasingTs . This be-
havior can be better quantified by extracting the slope of
initially linear portion in ax versusJDMHy /JTBAs plot ~see
inset in Fig. 1!. We find that the N incorporation probability
defined as x/(JDMHy /JTBAs), decreases from 0.0036 a
500 °C to 0.0005 at 600 °C to essentially zero at 650 °C~not
shown!.

All GaAs12xNx layers, irrespective ofx and Ts , were
found to be under tensile strain and fully coherent with th
GaAs~001! substrates as judged by HR-XRD and HR-RLM
Figure 2 presents typical HR-XRDv–2u scans through the
004 Bragg peak from GaAs12xNx layers withx50.009 and
0.0375 ~x determined by SIMS!. These two compositions
were selected to illustrate the two growth regimes obser
for layers withx below and above 0.03. The diffraction curv
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for the x50.009 film grown atTs5500 °C exhibits a sharp
film peak located at1468 arc s with respect to the substra
peak corresponding to a lattice constanta' along the growth
direction of 0.56340 nm. The full width at half maximum
intensityGv – 2u of the film peak in thev–2u direction is 100
arc s, essentially equal to the theoretical minimum value,
arc s, accounting for strain broadening and finite thickn
effects.12 Interference fringes are clearly visible in Fig.
indicating that the alloy layer is of high structural quali
with a laterally uniform film/buffer-layer interface. From th
fringe spacing, we calculate a layer thickness of 175 nm

A simulated 004 HR-XRD rocking curve, calculated usi
the fully dynamical formalism of Tagaki13 and Taupin14 is
shown in Fig. 2 for comparison. The simulation was carr
out using the total N fraction determined by SIMS, assum
perfectly abrupt and coherent interfaces~in agreement with
HR-RLM results below!, linearly interpolated elastic
constants,15 and the validity of Vegard’s rule. The measure
and simulated curves are in very good agreement with
spect to angular positions of the Bragg peaks and fin
thickness interference fringes. Complementary asymme

FIG. 1. Incorporated N concentrationsx in OMVPE GaAs12xNx(001) layers
grown on GaAs~001! as a function of the element V gas fractionXV

5JDMHy /(JTBAs1JDMHy) at temperatures ranging from 500 to 650 °C. T
inset shows the N concentrationx as a function ofJDMHy /JTBAs .

FIG. 2. HR-XRD v–2u scans through the 004 Bragg peak from OMVP
GaAs12xNx layers with x50.009 and 0.0375 grown on GaAs~001! at Ts

5550 °C. A dynamical simulation is shown for thex50.009 sample.
Curves are shifted vertically for clarity.
JVST A - Vacuum, Surfaces, and Films
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ic115 HR-XRD scans indicate that the layer is fully cohere
with its substrate as expected from the presence of well
fined finite-thickness interference fringes in the 004 scan

An HR-XRD 004 v–2u scan from a 230-nm-thick
GaAs0.9625N0.0375layer grown atTs5550 °C is also shown in
Fig. 2. The layer peak position is at12600 arc s with respec
to that of the substrate. In this case,a'50.5544 nm.Gv – 2u

is 100 arc s, somewhat larger than the theoretical value o
arc s ~Ref. 12! and indicative of a decrease in crystallin
quality. We attribute the absence of finite-thickness interf
ence fringes, even though the layer is fully coherent
judged by HR-RLM, to the presence of cracks as revealed
XTEM ~see below!.

A typical HR-RLM around the asymmetric 224 Bragg r
flection from the same sample is shown in Fig. 3~a!. Dif-
fracted intensity distributions are plotted as isointensity c
tours as a function of the reciprocal lattice vectors paralleki

and perpendiculark' to the surface. The film and substra
peaks are perfectly aligned along theki direction showing

FIG. 3. ~a! HR-RLM around the 224 Bragg peak from an OMVP
GaAs0.9625N0.0375layer grown on GaAs~001! at Ts5550 °C. ~b! Bright-field

XTEM image, obtained withg5002 near@11̄0#, from a GaAs0.9625N0.0375

layer grown on GaAs~001! at Ts5550 °C. A 110 selective area electro
diffraction pattern is shown in the inset.
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that the layer is fully coherent with negligible in-plane stra
relaxation to within the detection limit of the instrument,
31025. The vertical separation between the film and su
strate diffracted intensity distributions corresponds to a
tragonal distortion of 1.9831022 along the growth direction
yielding a'50.5541 nm, in good agreement with the HR
XRD v–2u scan results~0.5544 nm!. The full width at half
maximum intensityG values in thev and v–2u directions,
Gv andGv –u , for the film peak are essentially equal to tho
of the substrate indicating negligible mosaicity.

Even though HR-RLMs indicate that all tensile stra
GaAs12xNx layers are fully coherent with their GaAs~001!
substrates, plan-view Normarski optical microscopy a
XTEM reveal the presence of cracks along the^110& direc-
tions in films with x.0.02. Figure 3~b! is a typical bright-
field XTEM image, obtained using theg5002 diffraction
near the@11̄0# zone axis, from a layer withx50.0375.
Cracks extending through the whole film thickness into
substrate and distributed periodically are clearly visib
From observations over more than 40mm of interface, we
determine that their linear density is approximately 0
mm21. In regions between the cracks, the layer is of excell
crystalline quality and its surface is flat to within the reso
tion of TEM. Strain contrast due to lattice mismatch is n
ticeable at the interface. No misfit dislocations were visi
using bright- and dark-field imaging withg5220, confirm-
ing that the film/buffer-layer interface is coherent betwe
the cracks as expected from the HR-RLM results presen
in Fig. 3. The@11̄0# zone axis selected area electron diffra
tion pattern in the inset consists of single-crystal reflectio

Lattice parametersa' along the growth direction are plot
ted in Fig. 4 as a function ofx for alloys grown atTs

5500, 550, 575, and 600 °C. Measureda' values, which are
related to the elastic constantsC11 and C12 as well as the
lattice parametersaGaAs and aGaN through the relationship
a'5aGaAs2@(c1112c12)/c11#(aGaAs2aGaN)x, decrease lin-

FIG. 4. Lattice parametera' along the growth direction as a function of th
total N concentrationx in 200-nm-thick GaAs12xNx layers grown atTs

5500– 600 °C. The solid symbols are experimental results. The solid
corresponds to Vegard’s rule.
J. Vac. Sci. Technol. A, Vol. 22, No. 3, May ÕJun 2004
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early with increasingx following closely the predictions of
Vegard’s rule~interpolated between GaAs and cubic Ga!
for x up to approximately 0.03. At higher concentration
however, the lattice constant decreases much more rap
Our data also indicate that, although the overall N incorp
ration probability strongly depends onTs , the temperature
does not have a marked effect ona' for a given x value
except for films grown at 600 °C which exhibit small depa
tures from Vegard’s rule fromx of about 0.02. As discusse
below, deviations from Vegard’s rule in alloys comprisin
atoms of very different sizes are commonly observed a
result of incorporation on atomic sites leading to a reduct
of the overall film strain.16 This behavior is generally ex
plained by the formation of split interstitials occupyin
single lattice sites, therefore increasing the lattice constan
an amount similar to the reduction caused by substitutio
atoms. In our experiments, however, we observe thata' in
alloys with x.0.03 decreases even more rapidly than
substitutional N incorporation, suggesting that a complet
different mechanism is operating. In order to elucidate t
behavior, we have directly measured the fraction of nons
stitutional N atoms by channeling NRA experiments.9 Re-
sults from a GaAs0.9643N0.0357 film reveal that'20% of the
N atoms occupy nonsubstitutional sites of the zincblen
lattice.

IV. DISCUSSION

N fractions in GaAs12xNx /GaAs(001) layers determine
by SIMS as a function of film growth conditions indicate th
N incorporation decreases systematically with increasingTs

to become negligible at 650 °C. All films are of excelle
quality and fully coherent with their substrate as judged
HR-RLM and XTEM. However, XTEM shows that layer
with x.0.02 contain cracks aligned along the^110& direc-
tions. The lattice constant in the growth direction,a' , de-
creases linearly withx closely following the prediction of
Vegard’s rule forx,0.03. At higher concentrations,a' de-
creases substantially more rapidly withx. NRA measure-
ments on a film withx50.0357 indicate that approximatel
20% of incorporated N atoms occupy nonsubstitutional
tice sites.

A precise experimental determination of how N atom
incorporate in III–V–N dilute alloys forx.0.03 remains a
difficult task since little is known about the energetics a
strain coefficients of the possible configurations involvi
several N, Ga, and As atoms. We also need to determin
the presence of cracks has an impact on lattice constant
ues obtained from HR-XRD measurements. While they
doubtedly decrease considerably the overall strain ene
stored in the substrate–layer system and allow the bent w
to at least partly recover its initial shape, their effect on H
XRD measurements should be negligible since, on aver
they are more than 1mm apart~close to the coherence lengt
of the x-ray beam!. Moreover, HR-RLMs clearly demon
strate that the layers are coherent with the substrate w
XTEM analyses show no evidence of misfit dislocations b
tween the cracks.
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The out-of-plane lattice constanta' for fully coherent
GaAs12xNx layers on GaAs~001! can be expressed as a lin
ear combination of the strains associated with N in each
tice configuration,

a'5aGaAs~11asubxsub1ācomplexesxcomplexes!, ~1!

wherex5xsub1xcomplexes. xsub is the N atom concentration
incorporated in substitutional sites of the zincblende latt
while xcomplexesis the N fraction on all other sites.asub rep-
resents the lattice distortion in the perpendicular direct
~corresponding to the Vegard’s rule parameter,a520.39)
while ācomplexes corresponds to theaverageperpendicular
strain for nonsubstitutional N. Using the NRA data for t
x50.0357 film and the measureda' value, we estimate tha
the average strain associated with these complexes is
proximately 2.2 times larger than that for substitutional N

The fact that the lattice constant for films withx.0.03
decreases more rapidly than for complete substitutional
corporation would be counterintuitive if minimization of th
film strain energy was the primary driving force leading
lattice distortion. Split interstitials occupying a single site
the GaAs lattice can be easily ruled out as they would re
in a largecompressivestrain. In the absence of detailed stra
data for the various N configurations in GaAs, we can ma
a semiquantitative comparison with results for the Ge
system16 since Ge has approximately the same lattice par
eter as GaAs, a similar lattice structure~diamond instead of
zincblende!, and the covalent radius of C is relatively clo
to that of N. The strain coefficient for substitutional C
20.71 while Ge–C split interstitials have a value ofa
510.95. We also note that split interstitials typically ha
large formation energies~several eV! and would not nor-
mally be expected to appear during epitaxial growth. C pa
on a single substitutional sites are characterized by a slig
positive strain coefficient while the lowest-energy clust
involving several C atoms introduce negligible strain.

Thus, it appears that, among all possible arrangem
that lead to distortions in the lattice, the substitutional NAs is
the one most likely to producemaximum tensilestrain in a
zincblende lattice. This can only account for perpendicu
lattice parameters with values not lower than those predic
by Vegard’s law. Our experimental data and analysis sug
that considerations other than strain, such as, for exam
the more ionic character of the bond with N addition, have
be taken into account to properly describe the propertie
GaAs12xNx alloys with x.0.03. Finally, we note tha
changes in the elastic properties of the film appear unlik
to account for the strong deviation from Vegard’s rule sin
not only the elastic coefficients but also their ratio (c11

12c12/c11) would have to change markedly.
JVST A - Vacuum, Surfaces, and Films
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V. CONCLUSION

Epitaxial GaAs12xNx /GaAs(001) alloy layers withx up
to 0.0375 were grown atTs5500– 650 °C by OMVPE. All
films, irrespective ofx, are fully coherent with their substrat
as judged by HR-XRD and HR-RLM. XTEM reveals th
presence of cracks in films withx.0.02. The concentration
dependence of the lattice constant, together with NRA m
surements, indicate that a significant fraction of N ato
occupy nonsubstitutional sites of the zincblende lattice
films with x.0.03. The largenegativedeviation from Veg-
ard’s rule in these films cannot be explained by the format
of split interstitials. Our complete set of experimental resu
suggests that considerations other than strain must be t
into account to properly describe N incorporation in III
V–N semiconductors.
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