Organometallic vapor phase epitaxy of GaAs ,_,N, alloy layers
on GaAs (001): Nitrogen incorporation and lattice parameter variation
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Epitaxial GaAs_,N, alloy layers, nominally 200-nm-thick, witlk up to 0.0375 were grown on
GaA<00)) at temperature$, 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
measurementéSIMS) indicate that N incorporation decreases systematically with incredsing
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 with
>0.02. High-resolution x-ray diffraction measurements combined with SIMS analyses indicate that
the lattice constant decreases linearly with increasifigiowing 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. @004 American Vacuum SocietyDOI: 10.1116/1.1689296

I. INTRODUCTION tional sites. Zunger and collaboratdfsised pseudopotential
methods and large atomically relaxed supercells to investi-

The incorporation of dilute quantities of nitrogen in IlI-V gate the effects of short-range ordering and small nitrogen
semiconductors leads to a large reduction of the energy banghgregates on the electronic structure and optical properties
gap accompanied by a decrease in lattice consténhas  of I11-V—N alloys. However, little is known concerning the
also been demonstrated that the large conduction-band offsgétailed N incorporation mechanisms and pathways in 11—V
in (In)GaAsN/GaAs heterojunctions leads to a better electroRemiconductors during epitaxial growth.
confinement and thus an improved temperature stability in The general trends observed in molecular-beam epitaxy
heterostructure lasefsThese properties make dilute semi- and organometallic vapor phase epitaxPMVPE) of
conductor nitrides particularly attractive for optical commu- GaAs _,N, on GaA$001) is that the lattice constant initially
nications at 1.3 and 1.5Bm wavelengths. decreases linearly witkiup to about 0.015—-0.020 at a rate in

There are, however, severe challenges associated with tiifose agreement with predictions from Vegard's rule. At
growth of N-containing IlI-V semiconductor alloys. First, higher concentrations, however, the lattice constant has been
dilute 1l1-V nitride alloys exhibit a miscibility gap. This ar- reported to decrease either slower or faster depending on the
gues for epitaxial growth under highly kinetically con- growth technique or process conditichd.Recently, it was
strained conditions in order to take advantage of the fact thajuggested that differences in stresses measured via wafer
surface solubilities are orders of magnitude larger than bullcurvature measurements and those obtained from high-
values while simultaneously inhibiting phase separation durresolution x-ray diffractionfHR-XRD) analyses were likely
ing deposition. Another obstacle to be overcome is the exthe signature of significant bowing of the elastic properties of
tremely large difference between the shorter-Qd covalent  GaAs _,N, alloys withx>0.015% Nevertheless, no detailed
bond length compared to those for G@ds and In—P.  understanding has yet emerged concerning the atomic con-
Moreover, N atoms, due to their very small covalent radii,figurations of N incorporated in epitaxial GaAs layers.
could tend to be incorporated on nonsubstitutional lattice In this article, we present a systematic investigation of N
sites of the zincblende structure or to form defect complexesncorporation in 200-nm-thick OMVPE GaAs,N, films

In order to reduce the lattice parameter and controllablywith x up to 0.0375 for growth temperatur&g varying from
tailor the optoelectronic properties of dilute 1l1-V nitride 500 to 650 °C. Our combined HR-XRD and secondary ion
alloys, it is strongly desirable that N atoms occupy substituimass spectrometrfSIMS) measurements indicate complete

N substitutional incorporation at As sites of the zinchlende

dElectronic mail: jean-nicolas.beaudry@polymtl.ca structure forx up to about 0.03. At higher concentrations,
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however, the lattice constant decreases more rapidly thafHR-RLM) around symmetric and asymmetric reflections.
predicted by Vegard’'s rule while nuclear reaction analysisThe measurements were performed in a Philips high-
shows that a significant fraction of N atoms incorporates irresolution diffractometer using CwWKa; radiation @G
nonsubstitutional sites. =0.1540597 nm) from a four-crystal @20 Bartels
monochromator which provides an angular divergeade
Il EXPERIMENTAL PROCEDURE arcs with a wavelength_spread 01'5<2LO‘_5. w—26 overview
scans(w is the angle of incidence anlis the Bragg angle
GaAs N, layers, nominally 200-nm-thick, were grown were obtained with a detector acceptance angle-?f. An
on GaAg00)) in a low-pressure cold-wall OMVPE reactor additional two-crystal GR20) analyzer was placed between
equipped with a fast-switching run-vent manifold with mini- the sample and the detector to obtain high-resolutitatec-
mized dead volum@& using Pd-purified hydrogen as the car- tor acceptance angke12 arc $ scans. HR-RLMs were gen-
rier gas, trimethylgalliun{TMGa) as the group-lil precursor, erated from successive-26 scans starting at different initial
and tertiarybutylarsingTBAs) and 1,1-dimethylhydrazine values ofw.
(DMHy) as group V sources. The reactor pressure was set at Cross-sectional transmission  electron  microscopy
100 Torr with a total flow rate maintained at 3000 sccm. The(XTEM) analyses were carried out in a Philips CM30 micro-
TMGa partial pressure was fixed at 5.0 mTorr for all scope equipped with a LaBelectron source operated at 300
GaAs N, growth experiments. This provides a nominal kV. Samples were thinned for XTEM observation by conven-
growth rate of Lumh™?. tional mechanical polishing followed by low-anglé°) Ar-
Prior to the growth, the substrates were cleaned in acion milling at 5 keV in a Gatan precision ion polishing sys-
etone, isopropanol, and deionized water, and then chemicallgm. The ion beam energy was gradually reduced to 3 keV
etched in HCI for 2 min. They were then dried with purified during the final stages of thinning to minimize sample dam-
N, and immediately inserted in the reactor and annealed aige. Film thicknesses were determined from XTEM or Pen-
650 °C for 10 min under a TBAs flow to obtain a high- dellésung interference fringes observed in HR-XRD when
quality GaA$001) surface. 80-nm-thick GaAs buffer layers possible and otherwise with a combination of SIMS profile
were deposited at 650 °C prior to adjusting the substrate temand profilometry to measure crater depth. Nuclear reaction
peratureT, for GaAs _,N, growth. The buffer layers serve analyse§NRA) in a channeling geometry were carried out to
two purposes. They cover any remaining contaminatiordetermine the nonsubstitutional N fraction. THl(«,p)*’O
while simultaneously providing a more uniform distribution endothermic reaction resulting from irradiation with a 3.72
of terrace lengths. Followings adjustment, DMHy was MeV He?™ beam and producing 1.23 MeV protons was se-
added to the gas flow without interrupting the process inected to minimize background contributiots.
order to minimize contamination at the GaAs/GaAsN inter-
face. Theltgas/ ITmca 9as flow ratio was maintained at 24.4
while Jy,/J,;; andJpmpy / Igas flux ratios up to 510 and 20, Il EXPERIMENTAL RESULTS
respectively, were used. Film growth temperaturgsvere A series of GaAs N, epitaxial layers, nominally 200-
monitored using a thermocouple inserted in the graphite susim-thick, was grown on GaA801) as a function of the el-
ceptor and controlled, with proportional band feedback, byement V gas fractionXy=Jpwry /(Jreast Jomny) at tem-
varying the power applied to the infrared heater. peratures ranging from 500 to 650 °C. SIMS depth profiles
Total N concentrations were obtained by SIMS using aindicate that N concentrations remain constant as a function
Cameca IMS-4F operated with a 10 kV Cicident beam. of depth in all layers studied here, where our highest concen-
Samples were kept at4.5 kV and the primary current at 30 tration wasx=0.0375. Elastic recoil detection measurements
nA. The signal of thé*N®Ga™ molecular ion was collected. also reveal that C incorporation is minimal. Figure 1 is a plot
Quantification, within an experimental uncertainty:010%,  of the N fractionx in GaAs _,N, layers as a function oky
was carried out by comparison with N-implanted GaAs stanandT. The N fractionx increases monotonically witky at
dards. Quantitative time-of-flight elastic recoil detectiona rate which decreases rapidly with increasing This be-
(TOF-ERD measurements using a 50 MeV Cu probe beanhavior can be better quantified by extracting the slope of the
were carried out to measure residual C incorporation resultnitially linear portion in ax versusJpyny /Jrgas plot (see
ing from organometallic precursor decomposition. The TOF4nset in Fig. 1. We find that the N incorporation probability,
ERD detector is at a fixed scattering angle of 30° to the beardefined asx/(Jpwny/Jreas), decreases from 0.0036 at
direction. The timing foil, a 2Qug cm 2 carbon foil, is lo- 500 °C to 0.0005 at 600 °C to essentially zero at 650rit
cated at 12.5 cm from the target. The secondary electronshowr).
generated from the C foil are collected by a microchannel All GaAs;_ N, layers, irrespective ok and Tg, were
plate detector giving the first timing signal. We use a surfacdound to be under tensile strain and fully coherent with their
barrier detector, located 62 cm from the C foil and subtenting5aAg001) substrates as judged by HR-XRD and HR-RLM.
a solid angle of 0.18 msr, to measure the energy and thEigure 2 presents typical HR-XR—26 scans through the
second timing signal. 004 Bragg peak from GaAs,N, layers withx=0.009 and
Lattice constants, along the growth direction, in plane 0.0375 (x determined by SIMB These two compositions
lattice constantsy,, and residual strains were determinedwere selected to illustrate the two growth regimes observed
from HR-XRD and high-resolution reciprocal lattice maps for layers withx below and above 0.03. The diffraction curve
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Fic. 1. Incorporated N concentratiorsn OMVPE GaAs _,N,(001) layers
grown on GaAf)01) as a function of the element V gas fractiofy
=Jpmry /(Jteast Jomry) at temperatures ranging from 500 to 650 °C. The
inset shows the N concentratioras a function 08pyy /Ireas -

for the x=0.009 film grown afT ;=500 °C exhibits a sharp
film peak located at-468 arc s with respect to the substrate
peak corresponding to a lattice constantalong the growth
direction of 0.56340 nm. The full width at half maximum
intensityI" ,_,, of the film peak in thev—26 direction is 100
arc s, essentially equal to the theoretical minimum value, 90
arcs, accounting for strain broadening and finite thickness
effects? Interference fringes are clearly visible in Fig. 2
indicating that the alloy layer is of high structural quality
with a laterally uniform film/buffer-layer interface. From the
fringe spacing, we calculate a layer thickness of 175 nm.

A simulated 004 HR-XRD rocking curve, calculated using
the fully dynamical formalism of Tagakl and Taupif® is
shown in Fig. 2 for comparison. The simulation was carried
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out using the total N fraction determined by SIMS, assuming:; 3 (5 HR-RLM around the 224 Bragg peak from an OMVPE
perfectly abrupt and coherent interfad@s agreement with  GaAs; g5,dNo 0s75layer grown on GaA®01) at T.=550 °C. (b) Bright-field

HR-RLM results beloy, linearly

interpolated elastic XTEM image, obtained withy=002 nearf 110], from a GaA§ gs2dNg.037s

constants? and the validity of Vegard’s rule. The measured layer grown on GaA®01) at T,=550 °C. A 110 selective area electron
and simulated curves are in very good agreement with rediffraction pattem is shown in the inset.

spect to angular positions of the Bragg peaks and finite-

thickness interference fringes. Complementary asymmetrit:”[15 HR-XRD scans indicate that the layer is fully coherent
with its substrate as expected from the presence of well de-
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fined finite-thickness interference fringes in the 004 scan.

An HR-XRD 004 w—-26 scan from a 230-nm-thick

GaAs 9624\ 03751ayer grown afl ;=550 °C is also shown in

. Fig. 2. The layer peak position is at2600 arc s with respect

to that of the substrate. In this casg,=0.5544 nm.I' ,_,,

is 100 arc s, somewhat larger than the theoretical value of 75
arcs (Ref. 12 and indicative of a decrease in crystalline
quality. We attribute the absence of finite-thickness interfer-
ence fringes, even though the layer is fully coherent as
judged by HR-RLM, to the presence of cracks as revealed by
XTEM (see below.

A typical HR-RLM around the asymmetric 224 Bragg re-

flection from the same sample is shown in Figa)3 Dif-

fracted intensity distributions are plotted as isointensity con-

Fic. 2. HR-XRD w—26 scans through the 004 Bragg peak from OMVPE
GaAs N, layers withx=0.009 and 0.0375 grown on Ga@91) at Ty
=550°C. A dynamical simulation is shown for the=0.009 sample.
Curves are shifted vertically for clarity.
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tours as a function of the reciprocal lattice vectors paréijel
and perpendiculak, to the surface. The film and substrate
peaks are perfectly aligned along tkge direction showing
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— 1 v r T T ] early with increasing following closely the predictions of
0,564 |- MOVPE GaAs, N,/ GaAs(001) _ Vegard’s rule(interpolated between GaAs and cubic GaN
for x up to approximately 0.03. At higher concentrations,
0,562 | . however, the lattice constant decreases much more rapidly.
Our data also indicate that, although the overall N incorpo-
0,560 | - O . ration probability strongly depends dny, the temperature
'é .y 1 does not have a marked effect an for a givenx value
€ 05581 1 except for films grown at 600 °C which exhibit small depar-
@ ¢ T,=500°C Y 1 tures from Vegard's rule from of about 0.02. As discussed
0556 4 T,=550°C A 7 below, deviations from Vegard's rule in alloys comprising
v T, =576°C ':: T atoms of very different sizes are commonly observed as a
0554 = T =600°C 1 result of incorporation on atomic sites leading to a reduction
0552' —Yegard . . . . T of the overall film strairt® This behavior is generally ex-

0,00 ' 001 002 003 004 005 ’ 0,06 plained by the formation of split interstitials occupying
single lattice sites, therefore increasing the lattice constant by
X (SIMS) an amount similar to the reduction caused by substitutional
Fic. 4. Lattice parametes; along the growth direction as a function of the atoms. 'f‘ our experiments, however, we Obser.ve :Hlain
total N concentrationc in 200-nm-thick GaAs ,N, layers grown ar,  alloys with x>0.03 decreases even more rapidly than for
=500-600 °C. The solid symbols are experimental results. The solid lingsubstitutional N incorporation, suggesting that a completely
corresponds to Vegard's rule. different mechanism is operating. In order to elucidate this
behavior, we have directly measured the fraction of nonsub-
: . o __stitutional N atoms by channeling NRA experimehtRe-
that the layer is fully coherent with negligible in-plane strain ¢ \its from a GaAsossNo ozs- film reveal that~20% of the

relaxation to within the detection limit of the instrument, 1 ;' o) c occupy nonsubstitutional sites of the zincblende
X 1075, The vertical separation between the film and Subp4ttice

strate diffracted intensity distributions corresponds to a te-
tragonal distortion of 1.98 10" 2 along the growth direction
yielding a, =0.5541 nm, in good agreement with the HR- IV. DISCUSSION

XRD (1)—20. scan _result$0.5544 an). The full Wldth at. half N fractions in GaA§_XNX/GaAs(001) Iayers determined
maximum intensityl” values in thew and w—26 directions,  py 51Ms as a function of film growth conditions indicate that
I', andl’,,_,, for the film peak are essentially equal to thosey jncorporation decreases systematically with increading
of the substrate indicating negligible mosaicity. _ to become negligible at 650°C. All fiims are of excellent
Even though HR-RLMs indicate that all tensile strain o qjity and fully coherent with their substrate as judged by
GaAs N, layers are fully coherent with their Gaf1)  {Rr RLM and XTEM. However, XTEM shows that layers
substrates, plan-view Normarski optical microscqpy andyith x>0.02 contain cracks aligned along ttEL0) direc-
XTEM reveal the presence of cracks along (h&0 direc-  {ions. The lattice constant in the growth directian,, de-
tions in films withx>0.02. Figure ) is a typical bright-  ¢reases linearly with closely following the prediction of
field XTEM image, obtained using thg=002 diffraction  \egard's rule forx<0.03. At higher concentrations, de-
near the[110] zone axis, from a layer wit,k=0.0375.  creases substantially more rapidly with NRA measure-
Cracks extending through the whole film thickness into thements on a film withx=0.0357 indicate that approximately
substrate and distributed periodically are clearly visible.20% of incorporated N atoms occupy nonsubstitutional lat-
From observations over more than 4@n of interface, we tjce sites.
determine that their linear density is approximately 0.8 A precise experimental determination of how N atoms
wm~ . In regions between the cracks, the layer is of excellentncorporate in 11-V—N dilute alloys forx>0.03 remains a
crystalline quality and its surface is flat to within the resolu-difficult task since little is known about the energetics and
tion of TEM. Strain contrast due to lattice mismatch is no-strain coefficients of the possible configurations involving
ticeable at the interface. No misfit dislocations were visibleseveral N, Ga, and As atoms. We also need to determine if
using bright- and dark-field imaging with= 220, confirm-  the presence of cracks has an impact on lattice constant val-
ing that the film/buffer-layer interface is coherent betweenyes obtained from HR-XRD measurements. While they un-
the cracks as expected from the HR-RLM results presentedoubtedly decrease considerably the overall strain energy
in Fig. 3. The[ 110] zone axis selected area electron diffrac-stored in the substrate—layer system and allow the bent wafer
tion pattern in the inset consists of single-crystal reflectionsto at least partly recover its initial shape, their effect on HR-
Lattice parametera, along the growth direction are plot- XRD measurements should be negligible since, on average,
ted in Fig. 4 as a function ok for alloys grown atTg  they are more than m apart(close to the coherence length
=500, 550, 575, and 600 °C. Measuredvalues, which are of the x-ray beam Moreover, HR-RLMs clearly demon-
related to the elastic constan®y; and C;, as well as the strate that the layers are coherent with the substrate while
lattice parametergigaas and agyy through the relationship  XTEM analyses show no evidence of misfit dislocations be-
a, =agaas— [(C11+2C10)/C11](agans— @can) X, decrease lin- tween the cracks.
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The out-of-plane lattice constamt, for fully coherent V. CONCLUSION
GaAs _,N, layers on GaA®O01) can be expressed as a lin- Epitaxial GaAs_ N, /GaAs(001) alloy layers withx up

ear combination of the strains associated with N in each lat;, 4 0375 \vere grown &f.=500—650 °C by OMVPE. All
: s :

tice configuration, films, irrespective ok, are fully coherent with their substrate

a; =agaad 1+ aguXsubt AcomplexeXcomplexeds (1) as judged by HR-XRD and HR-RLM. XTEM reveals the

Where x=Xo i x % is the N atom concentration Presence of cracks in fllms witk>0.02. The cor_lcentratlon
sub’ “complexes “sub dependence of the lattice constant, together with NRA mea-

incorporated in substitutional sites of the zincblende lattice S S .
. . . . surements, indicate that a significant fraction of N atoms
while XcomplexesiS the N fraction on all other sitesg,, rep-

. . o . -~ . occupy nonsubstitutional sites of the zincblende lattice in
resents the lattice distortion in the perpendicular dlrectloq‘”mS with x>0.03. The largaegativedeviation from Veg-
\(lskc‘)irlree%pondmg égr:gg \éi%irc,:s trrl::vsga(raneet‘reﬁe;c(i)ii?;r ard’s rule in these films cannot be explained by the formation
Strain f(f?%pg)eé;substitut?onal N. Usin theg NpRApdata for the of split interstitials. Our complete set of experimental results

X ' 9 : suggests that considerations other than strain must be taken
x=0.0357 film and the measured value, we estimate that

. . . . _into account to properly describe N incorporation in Ill—
the average strain associated with these complexes is aD™_N semiconductors
proximately 2.2 times larger than that for substitutional N. ‘

The fact that the lattice constant for films wik®0.03
decreases more rapidly than for complete substitutional iINnACKNOWLEDGMENTS
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