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We have used an experimental strategy that, combining nuclear reaction analysis and Rutherford
backscattering spectrometry both in random and channeling geometry, allowed an accurate
quantification of the total amount of N in JGa _,N,As, _,/GaAs and GapAs, _,/GaAs epitaxial
systems (0.038x<<0.044, 0.015:y<0.045), and a precise localization of nitrogen atoms into the
lattice. All N atoms were found on substitutional positions. This information was then exploited to
correlate the relaxed lattice parameter of the epilayers obtained by high-resolution x-ray diffraction
to the N concentration, by taking into account the elasticity theory, allowing a verification of the
validity of Vlegard’s rule in the whole range of investigated N concentrations for both alloys. The
effect of N incorporation on the lattice parameter has been found to be the same both for ternary and
guaternary alloys. €2004 American Institute of Physic§DOI: 10.1063/1.1628378

I. INTRODUCTION properties. To this purpose, the use of high-resolution x-ray
diffraction (HRXRD), secondary ion mass spectroscopy
Group Il N-As alloys have recently attracted a lot of (S|MS), nuclear reaction analysi€NRA), and Rutherford
interest because very low N concentrations cause a large dgackscattering spectrometigBS) both in random and chan-
crease in the bandgap, making these materials very attractiygling geometry have been already repot@d-2As the
for applications in optoelectronic devicks. Moreover, as total amount of N to be detected is very smalh the order
small N concentrations in_dluce large tensile strain that can bgs ta\y atomic monolayejsparticular attention must be paid
compensated by the a_ddmon of In, quaternary InGaNAs al’to possible artifacts and contaminations that could lead to
loys can be grown lattice matched to GaAs substrates. misinterpretation of the results. The aim of this article is

However, it has been shown that the as-grown material§ e .
have poor photoluminescent®L), and that the higher the N wofold: first, a careful assessment of the nuclear techniques
poor p ' g and their application to the structural characterization of both

concentration the lower the PL efficientyAs after rapid :
thermal annealing the PL efficiency is greatly increased, h$aNAs and InGaNAs molecular-beam-epitaxpBE)-

poor PL property of the as-grown material was attributed tgdrown alloys, with particular emphasis on N lattice location;

N-related nonradiative defects possibly associated with som@nd second, their use in combination with other techniques in

kinds of N interstitial® order to verify the validity of Vlegard’s rule in correlation to

Neugebauer and Van de Walfton the basis of local the nitrogen substitutional fraction of the epilayers. Our re-
density approximation, have shown that Vegard's rule issults indicate the validity of Vegard's rule and suggest that
valid when N is substituted for As. On the other hand, in-Systematic errors can affect the measures, leading to incor-
creasing deviations from Vegard’s rule have been experimer€ct conclusions.
tally found for increasing N concentratiof&! and attrib- The article is structured as follows: in Sec. |l, details
uted to N incorporation in other locations than the group Vabout the experimental setup of the adopted techniques will
lattice sites or td001] split interstitial complexes like N-As be describedMBE growth, NRA and RBS measurements,
or N-N. However, opposite deviations from the Vegard’s ruleHRXRD); the following section is divided in three parts:
have been found in Refs. 2, 9, and 11. Sec. lll A describes the whole experimental procedure in or-

All these facts indicate that the precise characterizatiojer to obtain accurate results about N concentration; Sec.
of the structural properties of the alloys is of paramount im-||| B presents the results about the substitutional fractions,
portance in order to understand and tailor their physicalyhjle Sec. Il C describes the results about the relaxed lattice
parameter obtained by HRXRD and elasticity theory. In Sec.
dElectronic mail: berti@padova.infm.it IV, all the results are correlated together and discussed with a
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TABLE I. Summary of the samples and of their experimentally determinedthe Rutherford value for the light element may allow extract-
structural parameters. ing its backscatteringBS) signal from the background due

Thickness to BS from the matrix, while the He energy loss is sufficient
Sample  (NM?  x(%)°  y(%)°  foy® flug®  ac R)° for depth profiling with depth resolutions on the order of a
few tens of nanometers.

146 0 1.68-0.06 102 098 5.6323 . .
147 0 193006 103  --- 56298 pnfor?unately, the reported ratios of the N elastic cross
145 0 326:011 099 -~  5.6194 section with respect to the Rutherford one are all below 100,
130 0 445013 1.00 -+ 56035 and this value is not sufficient to detect 1 at. % N in GaAs.
144 36 0 - 56671 On the other hand, NRA is a well established techniejéer

154 41 152006 099 - 56511 materials analysis, and it has been determined long time ago

Sr—IOTNMMmMOO®>

152 42  17#007 1.01 -~ 56493 i . .
145 43  18%007 103 101 56497 thatinthe _case_o]fAN the most _approprlatelsnucl:IeaIrGreacUons
145 44 199006 104 102 56484 are deuterium induced, that i$!N(d,p/a)*N/*?C,'® even
140 43 206007 096 -+ 56483 though the low energy loss of the deuterium beam and of the
136 38 45%013 101 - 56157  hjgh-energy reaction products leads to essentially no depth
#The thickness has been measured by the interference fringes in HRXRE)eSOIUI_IO”' NRA .and RBS analyses were performed with a
rocking curves. The error is about 2 nm. deuterium beam in the energy range from 900 to 1250 keV at
®The In concentration has been measured by 2.0 K&/RBS. The erroris  the CN accelerator of Laboratori Nazionali di Legn&Ra-
+0.1 at. %. dova, Italy. The beam charge collection was performed by

‘The N concentration has been measured by NRA. . .
N substitutional fraction determined by channeling along the indicated di-using the whole scattering chamber as a Faraday cup, reach-
rection. The error is+0.02. ing an accuracy better than 1%. The sample holder was a
‘Relaxed lattice parameter obtained by HRXRD and elasticity theory. Thewo-axis remote-controlled goniometer allowing channeling
icr)rrc]);t:n(ztlmated to b (1-2)x 10 * A including the error on the elastic alignments with an accuracy of about 0.01°. Two translation
’ movements are also available, allowing us to locate the beam
spot(2 mm diameteron the sample surface with an accuracy
comparison to the existing literature data regarding Vegard’®f @ tenth of millimeter. Two silicon solid-state detectors
rule. Section V draws the conclusions. were mounted in the chamber and connected with two inde-
pendent acquisition electronic chains, allowing the simulta-
neous collection of NRA and RBS spectra. The RBS detec-
tor, mounted in the Cornell geometry at a scattering angle of
A. MBE growth and sample preparation 170° had a very small solid angle of about

The epilayers were grown on 3 i(L00) GaAs substrates 0.8x 10 “ strad, allowing us to keep the total counts per

by gas source MBEGSMBE), after de-oxidation of the sub- second below % 10° s~ ! with a beam current of about 200
strates at 590—600 °C. The samplsse Table)consist ofa NA- On the contrary, the NRA detectdB00 mnf) was

400-500-nm-thick GaAs buffer layer grown at 580 °C angmounted very close to the sample with a solid angle of about
the appropriate 150-nm-thick Gahs, , (samples A, B C 0.3 strad, in order to maximize the nuclear reaction product

and D, Ga_,nAs (sample B or Ga In,N As, count rate. A 19um-thick Mylar™ absorber was placed in
(samplés F GX I)il | L. and Mépilayer gréw);] ét 406_ front of this detector in order to avoid the RBS counting rate

425°C. The V/III flux ratio is around 6. The GSMBE system contribution. The NRA detector was positioned in the IBM

is equipped with a rf plasma source to decompogénto N geometry at a scattering angle of 150°. .NRA and RBS spec-
active species, the latter being controlled by the plasm&@ were collected both in random and in channeling geom-
power and the M flux. The plasma power is kept constant at etry in qrder to d(_atermme the total concentration and the
275 W when growing the nitrided layers. The, Klux is substltutlo.nal frac_tlon of N. The random spectra were coll—
controlled by a capacitance gauge that measures 4hgds- Ie:cted Whllg rotatlng the sample arounq the selected axial
sure (DNz) in the gas IinepN2= 180 mTorr for samples A, B, direction, w!th an azimuth angle pf 5°. This procedure allows
F, G, H, I, and L andby, =280 mTorr for the other samples. the smoothing of every channeling effect and provides a re-

) ) sult (random spectruinthat is equivalent to the one that
In order t'o calibrate the NRA signal related to Fhe N would be obtained from amorphous samples.
nuclear reaction, two samples were prepared. The first one pgg spectra were also collected hvia 2 MeV *He*

consists of a 3N, /Si layer pr(f)i%med by photo-chemical va- hoam in order to determine the In concentration and thick-
por deposition on a Si substrateThe second one is a GaAs aqq of the InGaNAs epilayers, and to measure the N dose of

substrate, i07n implanted with N at 200 keV and a dose ot,o ginN,/Si standard sample. The measured layer thick-
about 5< 10" at./cnf. The use of these samples is described,osses and In concentrations are reported in Table I.

in Sec. Il A.

Il. EXPERIMENTAL PROCEDURE

B. NRA and RBS measurements C. HRXRD measurements

In order to measure the concentration and for depth pro- HRXRD measurements were performed with a Philips
filing of low-mass atoms in a heavy matrix, resonant back-X'PERT™ PRO MRD diffractometer equipped with a Bar-
scattering spectromet{by using energetic He beams would tels Ge (220 four-crystal monochromator and a parabolic
be ideal. In fact, the enhancement of the cross section abowmirror, using a channel-cut G220) analyzer before the de-
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FIG. 1. Energy spectrum of the nuclear reaction products induced by a 1200 200 250
keV deuterium beam on the N-implanted GaAs sample. Aur8thick My- Channels

lar absorber was put in front of the detector having a 300 depletion
layer. The peaks marked with are related to thé“N(d,a)*?C reaction, FIG. 2. NRA energy spectra in the range of thetp, to a, peaks. In the
while peaks marked witp are related to th&N(d,p)!*N reaction fsisout  upper and lower panel random afi@i01] aligned spectra for a GaNAs

of scalé. Also indicated is thé?C(d,p)°C peak, while thé®0(d,p)}’O peak =~ sample and a GaAs substrate, respectively, are shown. Note the different
is not resolved from th&*N(d,ps) N peak. vertical scale in the two panels. A background contribution, clearly coming

from GaAs(see the lower panglends close to the,;p-p, peak. A N con-
tribution (p,+p, and a; peak$ which is not influenced by channeling, is
evident for the bare GaAs substrate and is attributed N submonolayer

tector (triple-axis configuration The size of the x-ray beam physisorbed at the surface.

at the sample was reduced by placing a mask after the mono-

chromator, obtaining a probe ofx3.5 mnf. Special care

was adopted to laterally align the sample and to perform both  The other proton peaks are narrower than thpeaks

NRA and XRD analyses on the same point of the sample ilbecause of the lower energy straggling of protons in the My-

order to minimize errors due to sample nonhomogenity. Firstar absorber with respect to that efparticles. The pand

of all, reciprocal space magRSMs were collected in order peaks form a doublet that appears in the spectrum as a single

to test the possible presence of tilt and the pseudomorphicitgeak around the channel 180. At lower energies, the proton

of films. Rocking curves were also recorded, in order to depeaks from*N(d,p)'®N, **C(d,p)**C and®O(d,p)*’O are

termine the lattice parameter of the epilayers and, from thédentifiable. The contribution from surface carbon is an iso-

Pendellossung fringes, their thickness. The measured thickated peak around channel 150, at energies higher thargthe p

ness of the layers is reported in Table I. peak from!*N. Higher order proton peaks from N together
with the p from oxygen can be observed in the low energy
part of the spectrum and are n@ompletely resolved. Due

11l. RESULTS AND DISCUSSION to the low oxygen contamination and to the small cross sec-

tion, the p peak from'®0(d,p)*’O does not contribute to the

spectrum.

A typical NRA spectrum collected from the N-implanted The choice of the reaction products to be used in the
GaAs standard sample with a 1200 keV deuterium beam ianalysis can be restricted to thepp, and the«, peaks
shown in Fig. 1. A series of nuclear reaction products arédecause of the lower cross section relative todph@eak and
visible in the spectrum. At the highest energiebannel, because of the possible interference of other impurity peaks
the ag peak from the“N(d,ao) 12C reaction can be observed, with N peaks at energies below the C peak. This fact be-
while the much more intense,; reaction channel, relative to comes critical when the N amount is very Idm the epil-
the first excited state of tH€C nucleus, is visible around the ayers under investigation the N amount, that is, the nitrogen
channel 250. The psymbol indicates thé*N(d,p)!°N reac-  peak intensity, is about two orders of magnitude lower than
tion product relative to the fundamental state of thbl in the implanted sample
nucleus. This signal is spread over the channel range be- In Fig. 2, a magnification of the spectrum in the energy
tween 200 and 400 because of the high energy of such protaiange relative to the ;p-p, and «; peaks is shown for a
group, which is not stopped in the detector depletion layeGaNAs epilayefupper pangland for a GaAs substrate with-
(300 um). Only a fraction of the proton energy is deposited out any intentional N contaminatidfipottom panél In each
in the detector, and this fraction widely varies because of th@anel, both random arf@01] aligned spectra are shown. As
energy straggling of the protons in the detector. This signatan be noted the;p-p, peak appears to rise at the end of a
could be well separated from other peaks by a detector witlsontinuous signal visible in all the spectra. This signal is
a higher depletion layer, but it does not influence our meaclearly related to the GaAs substrate because it is present in
surements because its background contribution to d¢he both the GaAs substrate and the epilayer with the same in-
peak is proportional to the N amount. tensity (note the different scale between the two panels

A. Composition measurements
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Moreover, the signal has a strong reduction under the chan- 1 y T
neling condition, and it has been verified that it is indepen-
dent of the doping impurities of the GaAs substrates. The
high-energy tail of such signal is partially superimposed to
the p+p, peak and can affect its integral by as much as
10% for 2 at. % GaNAs. As this signal is clearly not related
to N, this interference would introduce a systematic error in
the N determination not acceptable for the purpose of this
work. Thus, we based our work on tlag peak.

Another interesting piece of information coming from
Fig. 2 concerns the small peaks visible in the lower panel
(GaAs substratescorresponding to both ;g-p, and «;
peaks. These signals, which do not change under channeling 900 1000 1100 1200 1300
or random conditions, can only be dued N surface con- Energy (KeV)
tamination of the. GaAs subsrate. ThIS Contammatlon peri:IG. 3. Total yield integrated over the; (squaresand thea, (triangles
turbs the evaluation of the N amount in the epilayers, esp&seays of thé*N(d,)*2C reaction as a function of energy. The reaction
cially at very low N doses, and becomes even more criticathannel shows an almost constant yi¢l2%) in the 1100-1250 keV
when channeling spectra are used to evaluate the substiti@nge.
tional fraction.

In order to take into account and to minimize this effect,

particular care was taken in order to clean the surface bynaster equation because no direct measurements of D energy
organic contaminants. However, it was not possible to elimi{oss in GaAs are available in our range of interest. In order to
nate it. Some GaAs samples, which underwent the bestheck the reliability of the tabulated values, both deuterium
cleaning procedures, were measured in different positions oind helium RBS spectra relative to the N-implanted GaAs
the surface both in channeling and in random ConditionSSamp|e were successfully simulated by using the same N
The total amount of contaminant N was found to bedepth profile, thus indicating the consistency of the D stop-
(2+1)x 10" at./enf, where the uncertainty indicates the ping values with those of He. In fact, in the ion-implanted
point to point variability of the measurements and not onlycalibration sample, the N concentration deduced from the
the statistical error. This quantity has been assumed to cofrrim codé® is about 40 at. %. This concentration is not suf-
respond to a fraction of N monolayer physisorbed at the surficient to give a distinct N BS signal on the GaAs back-
face, and in the following, it will be taken into account in the ground, but it is sufficient to produce a measurable dip of the
analysis of the spectra obtained from the epilayers. GaAs yield in the implanted region. The size of this dip is

It must be underlined that this contamination, being un-not very sensitive to changes in N concentration, so that this
affected by channeling, if not corrected, would give rise to amanalysis does not supply a sufficiently reliable concentration
apparent fraction of interstitial N. In Ref. 12, for total N profile. However, the energy position of the dip in the spec-
concentrations varying from about 1 to 3.5 at. %, surpristrum depends on the stopping power. On the other hand, He
ingly, a nearly constant N interstitial concentration of stopping in GaAs is reliable within a 4% relative error ac-
2.2x 10" at./en? was found. For the thickness of those cording to a cross check between layer thicknesses measured
samples(100 nm this concentration corresponds to a N by 2 MeV“*He" RBS and from transmission electron micros-
amount of 2.X 10" at./cn?, exactly the value we found for copy cross section's.
the surface contamination. We thus believe that this reported As can be noted from Fig. 3, the, yield is constant
interstitial N concentration is not related to N in the epilay- within £2% in the energy range between 1100 and 1250 keV
ers, but to the N surface contamination. allowing us to measure with nearly constant sensitivity about

The previous results allow concluding that the most suit2 um of GaAs. Within this thickness, the calibration sample
able nuclear reaction channel for quantitative analysis ofind the epilayers can be measured introducing negligible er-
very small amounts of N in a GaAs matrix is thg channel.  rors due to the different energy losses. Moreover, this fact
It is reported® that the cross section of this reaction at 150°permits neglecting the difference in energy loss when col-
is almost constant in the energy range between 1050 aridcting random or aligned spectra.
1400 keV. In our scattering geometry, the NRA detector  The last step to make the NRA technique quantitative is
spans a very large angular range, so that it was necessarytim convert the vyield of the reaction into a N dose.
verify the energy dependence of the cross section integratethe SgN,/Si standard was first calibrated by 2 MeV
over our large solid angle. “He" RBS measurements supplgina N dose of

In Fig. 3, the counts per unit charge from thg peak of ~ (2.97+0.08)x 10'/ at./cn?. The determination of the N dose
the N-implanted GaAs sample are reported as a function dias been performed by measuring the integral of the N sig-
the energy in the range between 900 and 1250 keV. Theal, which can be best isolated from the Si background in
energy in the abscissa corresponds to the beam energy minalsanneling configuration. The N integral is then converted to
the average energy lost in the implanted region. This energgn areal density by calibrating the RBS solid angle against
loss was calculated on the basis of Ziegler's stopping powethe yield of a standard sample whose composition is known
table!” This table is obtained by extrapolating data through awith a 2% accurac$® The same procedure cannot be per-

.l-.'ll- .:ll 2%
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formed directly on the N-implanted GaAs sample because of

the higher background due to GaAs. g 60 ]
The N-implanted GaAs sample was calibrated as a sec- E

ondary N standard by measuring the deuterium-induced § >0 1

nuclear products for both the8l,/Si and the N-implanted 8 40 |

GaAs samples. This calibration is not possible at 1200 keV &

because of a very strong Si background of the silicon nitride @ 30 |

sample below they; peak(more than 100% The «, peak >

has no Si background, but it is not suitable for calibration .§ 20 i

because of the variation in the cross section around this en- g

ergy. The calibration of the secondary standard was thus per- g 10 i

formed with a beam energy around 900 keV. At this energy, z°

the ag cross section is quite constasee Fig. 3, and there is 0 . A

no background due to the presence of Si or GaAs substrates. 200 300 400

On the other hand, the; peak permits higher statistics, and Channels

at this energy, the background due to the Si substrate '®iG. 4. Deuterium RBS spectra for an InGaNAs sample collected in random
strongly reducedabout 10% of thea; peak. In order t0  (closed circles and [001] aligned (open circles conditions. The arrows
determine the ratio of the N content in the two samp|esmark the energies for scattering from the indicated elements at the surface.

several spectra were collected with a beam energy between
880 and 920 keV in order to accurately characterize the cross

section variation with energy. Spectra on a_bare Si substra ilayer and must be compared to the corresponding quantity
were also collected for background subtraction purposes, ang, the GaAs matrix. This is the reason the RBS spectra must
the average energy loss in the two standard samples wefg, simultaneously collected.

taken into account as described earlier in this section. The |, Fig. 4, two RBS spectra, one aligned to @01]
yield ratio of the SjN,/Si sample to the N-implanted GaAs gjrection and the other in random geometry are shown. The
sample turns out to be 0.562.007 and 0.56£0.009 ac-  gpacira are relative to an InGaNAs quaternary alloy, and both
cording to thex, and to thea, analyses, respectively. The N o |n and GaAs signals are visible, allowing us to measure
dose in the GaAs N-implanted sample, taking into accounfgih v, andyeane. xin is obtained from the yield ratio of the
the overall calibration errors, is then (5:28.20) |, signal, while yaans is measured by the yield ratio in the

7
X 10" at./cnf. energy window corresponding to that of In and taking into

This standard sample was used to obtain the N dose igccount the different kinematical scattering factors. This
the epilayers by simply evaluating thg yield ratio at 1200  4nayysis showed, as expected, that In is fully substitutional.
keV beam energy in random geometry. The N concentration}, the case of ternary alloysycaas Was measured by com-
can be finally evaluated by assuming a constant concentrzix)—uting the energy window from the thickness of the layers
tion profile and by measuring the layer thickness by the(interference fringes in HRXRD rocking curjeand from
analysis of the interference fringes in the HRXRD rocking-ine tabulated stopping powers.

i ;
curves and also by 2 MeVHe™ RBS in the case of In The values ofyaas found for GaNAs and InGaAsN are
containing samples. The obtained N concentrations are re=go; and ~10% respectively. The value for InGaNAs
ported in Table I. higher than for GaNAs is consistent with a similar increase
observed for InGaAs alloys with respect to GaAs and it is
attributed to structural disorder around the In atoms. How-
B. Substitutional fraction measurements ever, the measured GaAs minimum vyields are higher than
. . . .. those typically observed. This is partially explained by the
i Tlhfe cr;_annelflng te?hnlqute _allows_ measun?g”f[he SUthf“tufact that our values are integrated over the layer thickness
lonal fraction of an element in a given crystaliné matrix. 4 gre not, strictly speaking, surface minimum yields.

The b‘?‘SiC igiea N _to compare th(_a minimum yialpof the ._Moreover, this integral includes the channeling surface peak,
given impurity (defined as the ratio between its channelmgWhich is not resolved with the D beam. On the other hand,

and the random yieldgo the yy of the matrix, through the minimum yields for InGaNAs were also measured from 2

equation MeV He RBS and found to be about 6% and 4% by includ-
1—y; ing or excluding, respectively, the contribution of the surface
1) peak; that is, values consistent with those measured for high
crystalline quality InGaAs alloys. We thus conclude that the
wheref is the substitutional fraction. high minimum yield values measured with the D beam are
As for N, xy can be easily evaluated from the NRA due to both the inclusion of the channeling surface peak and
spectra by the ratio between the aligned and the randortihe angular divergence of our deuterium beam. The latter
spectra(Fig. 2, upper panglonce these values are correcteddoes not affect the measure of the substitutional fraction, as
for the yield coming from the surface contaminatiGGee the reference GaAs RBS spectra were collected simulta-
previous section Due to the lack of depth resolution of the neously with the N NRA spectra.
nuclear reactionyy is the average minimum yield in the Finally, we must discuss the possibility of sample dam-

f

a 1-xm'
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age during the measurements itself; that is, the possibility of 4.56

lattice damage induced by the analyzing beam. It was dem-

onstrated, for example, that,Si C, alloys suffer of this ef-

fect and that it is particularly important for C yiefd.In

order to test this effect, repeated NRA channeling measure-

ments were performed on the same spot. Effectively, in spite 4.52

of the large beam diameter used, which allows us to reduce

the ion fluence, the minimum vyield increases with the inte-

grated charge at a typical rate of 1.5%/10G. This rate of

damage was taken into account in the data reduction. Simi-

larly to the Sj_,C, alloys case, this effect is much more

pronounced for the N minimum yield than for that of the

matrix and could introduce a large underestimate of the

original substitutional fraction if not properly taken into ac-

count. Keeping the integrated charge below 10D, the in-

fluence of this effect in our samples is of the same order of

the statistical error. Therefore, this amount of charge is a

good compromise between accuracy and precision of the

measurements. It is worth noting that the damage effect is 4.40

much fasterfmore than 10 timesin random condition; it is

therefore necessary to record aligned spectra on a virgin spot

before recording the random one. QA%
Applying the described data collection and data reduc- ”

tion procedure to our samples, we measured for all samplgsc. 5. RSMs around thé 0 4) (a) and (2 2 4) (b) reflections of the most

that all nitrogen atoms are substitutional along [iB@1] Ga  strained GaNAs sample. The isointensity contours are drawn in the range

or As rows within the error of measureme(mee Table )L from 2 to 20 OOO counts in a Ioga_lrithmic scale. The absence of tilt and the

Strictly speaking, this procedure of evaluating the substitu® seudomorphicity of the sample is evident.

tional fraction does not take into account the possible pres-

ence of N point defects in which the interstitial N atoms are ) _ )

aligned along thé001] growth direction. In order to give a 1homas—Fermi screening radjuso that they would not be

more complete characterization of the samples, channeling@dowed in our measurements.

b (224)

4.48

QL @AM

4.44

-0.01 0 0.01 3.12 3.15

measurements were also repeated alonith# axial direc- For (001 split interstitials, the strain of coherently
tion for some selected samples, obtaining again full substitudroWn layers could induce their orientation along f0@1]
tionality for all the measured samplésee Table)L growth direction, so that they would be shadowed in the

In order to better understand these results, we considerdd01l direction. However, they are displaced by 0.6 A from
a series of possible N point defects. The first one is N Sub{lll) rows, so that yield differences along the two directions
stitutional in a Ga site (), instead of an As site (N). Of  Should be observed, contrary to our measurements.
course, channeling measurements cannot distinguish bg__rqm the prewous_dlscussu_)ns and within the sensitivity
tween these two lattice locations as they are shadowed alofjit ©f the channeling technique, we can thus exclude the
the Ga or As rows. However, Orellare al? showed that Presence of N interstitials in our samples.
the formation energy of jLis much higher than that of {Y,
so that the N, location can be reasonably excluded.

Secondly, we considered tetrahedral and octahedral i
terstitial sites. The latter are displaced frg001) or (111) The lattice parameter of the epilayers was determined by
atomic rows by large and significantly different distances, scHRXRD measurements. Both rocking-curve measurements
that yield differences if001] or [111] channeling should be and RSM were performed. In Figs(éh and 3b), RSMs
observed, which is not our case. As for the tetrahedral interaround the(004) and (224) reflections, respectively, are
stitial sites they are shadowed along GaAs rows for bottshown. These maps are relative to the most strained sample;
(1000 and (111 direction, so that our measurements cannothat is, the GaNAs layer with the highest N contdat5
exclude their presence. However, éti al® reported that the at. %. The two pairs of peaks observed are relative to the
formation of isolated interstitial N is unlikely because of its substrate and to the tensile strained film. The pair of peaks in
high formation energy in the lattice. the (004) RSM is perfectly aligned along the perpendicular

Thus, we further considered botth00) and (110 split  direction of the reciprocal space, indicating that there is no
interstitials on the basis of the structural model of Ref. 9tilt between the epitaxial film and the substrate. The pair of
based on the covalent radii of the atoms. For both interstitiapeaks in thg224) RSM is also well aligned along the per-
types, a significant fractiofranging from 1/3 to 2/8of the = pendicular reciprocal space direction, indicating that the
interstitials are displaced frog®01) and(111) GaAs rows by sample is pseudomorphic. Thus, we can conclude that the
distances of the order of the N covalent radius., by much  value of the in-plane lattice parameterof the films is equal
larger distances than the thermal vibration amplitude and th® that of GaAs substrate.

n(_:. Lattice parameter measurements

Downloaded 19 Dec 2003 to 147.162.159.241. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



54 J. Appl. Phys., Vol. 95, No. 1, 1 January 2004 Bisognin et al.

10°— . ' . . r ' ' T
—— (00 4) rocking-curve ’
we ] simuiation without N contamination
— simulation with N contamination
+ 10'F 1
2 ot
g 10°k 1 =
S 107 <
; 3 7 X
D . ®
< 10'f 1
10° 1
.IO-‘l L} T L} T T T 5.60 L L} L} L] T
328 330 332 334 336 338 0 1 2 3 4 5
Omega(Deg) N concentration (at.)

FIG. 6. (0 0 4 rocking curve of the GaNAs sample with 3% N. The pres- FIG. 7. Relaxed lattice parameter of epilayers as a function of nitrogen
ence of interference fringes show the good quality of the interface. Theconcentration. The closed symbols represent the ternary GaNAs alloy
simulation marked with the dashed line is obtained by assuming a constastamples, while open symbols represent the quaternary alloys samples. The
N concentration in the film, while the simulation marked with the continu- two continuous lines represent the linear fit to the two data sets.

ous line takes into accotia N contamination of the buffer layer.

limit compounds InAs, GaAs, and zinc-blende GEN*The

In Fig. 6, the(004) rocking curve for a GaNAs sample measureql values of the relaxed lattice paramagry) are
reported in Table 1.

with 3% N is shown. The presence of the interference fringes
demonstrates the good crystalline quality of the material and
of the interface. The simulation of the rocking curve by using!V. LATTICE PARAMETERS AND VEGARD'S LAW

the dynamica}l X-ray scattering thepry based on Fhe Takagi— As N in our samples was fully substitutional, we can
Taupin equations allows us to obtain the perpendicular latticgate|y determine the dependence of the lattice parameter ver-

parame_ter _and th_e thickness qf the layer. 'I_'he simulation "eus composition of the ternary and quaternary alloys.
ported in Fig. 6 with a dashed line was obtained by assuming |, Figure 7, the lattice parameters of the samples are

a constant concentration of nitrogen in the film. The goodignorted as a function of the N composition. Two different
quality of the simulation is evident, except in the region qarias of data can be observed. The first @hesed symbol
around the substrate peak, where a tensile tail is visible. Thig o |ative to the GaNAs ternary alloys. The second one con-
part of the spectrum can be simulated as wedintinuous  ¢ons samples of quaternary alloys with an average indium
line in Fig. § by assuming a tensile strain contribution com- ¢ tent of about 4 at. %. As can be seen, the two sets of data
ing from the buffer layer. It was already reportatiat the  gray two linear trends with different intercepts correspond-

buffer of samples grown in similar conditions results to being to the GaAs and to the InGaAs lattice parameters.
slightly contaminated by N, and this was confirmed by SIMSy 4 slopes turn out to be —(1.08:0.06) A and

analysis. The simulation allows to quantitatively determine(_1_14i 0.05) A for GaNAs and InGaNAs respectively:

the amount of strain produced by this contamination. Thep ¢ js they are the same within the errors of measurement.

strain profile is then converted &2 N concentration profile: The parallel trend indicates that the effect of N on the
- - . . . 4

the typical dose of this contamination is<a0'*at/enf.  |aice parameter is independent of the indium content in this

These data, available for all the samples, will be used 1Qanqe of composition. The lattice parameter of both sets of

correct the epilayer N doses determined by NRA analysigjaa can therefore be described by the following linear rela-
that, as a matter of fact, integrates over the whole N amount, ..

without distinguishing between epilayer and buffer layer
contribution. a(X,y) =acaastAapX+Aayy, ©)

The obtained information about the perpendicular andyhereAa,, is equal toa,as— agaac=0.405 A, whileAay is
parallel lattice parameters( anda;) of the films can be  the parameter describing the deformation of the lattice pa-
used to obtain the relaxed lattice parametbr,y) by apply-  rameter due to nitrogen in the alloy. In order to determine
ing elasticity theory: Aay, from all the experimental data, E€8) can be rewritten

as
al + Cla”

acx,y)= Tra 2 a(X,y) — (agaast Aa;pX) = Aayy. (4)

The term on the left of Eq) can be evaluated for every
wherex andy are the In and N molar fractions, respectively, experimental point. In fact,a(x,y) is determined by
and a=2C,,/C is a function of the elastic constan®; HRXRD, x is measured by RBS, ana,»s and Aa, are
and C,, of the material. The elastic constants were deterknown from the literature. This term depends linearly on the
mined by linear interpolation of the elastic constants of thenitrogen concentratiory (measured by NRAthrough the
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0.01 T r T T Finally, we consider that our measurements indicate that
0 InGaAsN N is fully substitutional within the error of measurement; that
is, we can affirm that at least 98% of the N atoms in the
epilayers are in substitutional sites independent of nitrogen
concentrations. If any, the remaining interstitial fraction
would affect the slope of Fig. 8 with an error 6f2%—4%
(depending on the type of interstitialahich is, in any case,
within our combined error bar. On the other hand, by assum-
ing, as in Ref. 11, that the N interstitial concentration is
proportional to the square of the N concentration and their
proportionality parameter is adopted, in our samples we
should have more than 2% interstitials above 2.6 at.% N

-0.06L ' ’ ————— concentration, and this fraction should reach nearly 6% for
0 1 2 3 4 5 the highest concentration investigateds at. %. This frac-
N concentration (at.) tion, if present, should have been observed.

FIG. 8. Lattice contraction due to N for all the samples as a function of N In ConCIlJ_S'on' Ou,r Wprk demonSFrateS tha_t Vegard’s rule

composition. The continuous line is a fit to the data according to(®q. IS followed in substitutional N nitride-arsenide alloys as

Closed and open symbols refer to ternary and quaternary alloy sampletheoretically predictea? and that the maximum fraction of

respectively. interstitial N in our samples is no more than 1%—2% of the
N concentration.

coefficientAay. In Fig. 8,a(x,y) — (agaast Aax) is plot- V- CONCLUSIONS

ted againsy. The linear fit of all the data provides_ the esti- In summary, we have performed a careful determination
mate Aay=(—1.12-0.02-0.04) A, where the first and of concentration and lattice location of nitrogen in a series of
second errors correspond to the statistical uncertainty and @aNIASl—y and InGa,_yN,As; _, epilayers with different
the systematic error introduced by the standard sample caliy and In concentrations (0.085<0.045) grown pseudo-
bration procedure, respectively. morphically on GaAg001) substrates. The concentration of

It is worth noting that, because thevalues are small, nitrogen of the samples was measured by NRA using the
the linear behavior could correspond to the initial slope of &4N(d, ;) 2C reaction. In all the samples nitrogen was found
curve, so that the experimentally determinkdy could in- 11y supstitutional. The correlation of the N concentration to
clude a bowing term, as found in other semiconductOine |attice parameter of the epilayers obtained from HRXRD
alloys”®~*However, our result is in perfect agreement with measurements shows a good agreement with Vegard's rule

the value of Aay predicted by Vega_rd’s rule i.e.AaN_ for both ternary and quaternary alloys.
=agan— acaas= — 1.13 A), demonstrating that the bowing
term is null and_ that the lattice parameter of GaNAs and, -k NOWLEDGMENTS
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