Characterization of GaAs ,_,N, epitaxial layers by ion beam analysis
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GaAs _,N, epitaxial layers grown of001) GaAs substrates by metal organic vapor phase epitaxy,
with x ranging from 0.01 to 0.036, were characterized by ion beam analysis. The layers thickness
and quality were measured by Rutherford backscattering spectroffR®B1§) in channeling mode.

The channeling results confirm that GaAgN, epitaxial layers are of high crystalline quality, in
agreement with high resolution x-ray diffraction and transmission electron microscopy analyses. For
the sample withk=0.036, the results reveal a 0.7 at. % of mispla@achighly locally straineglGa

or As atoms. More than 80% of nitrogen atoms in this layer occupy substitutional sites, as
determined by thé*N(«,p)*’O nuclear reaction analysislRA). Furthermore, RBS analyses using

a5 MeV G probe beam reveal measurable departures from llI-V stoichiometry near the surface,
which remains unexplained. Finally, the total content of nitrogen in the layers measured both by
NRA and elastic recoil detection by time-of-flight are compared with the results obtained by
secondary ion mass spectrometry. 2004 American Vacuum SocietjDOI: 10.1116/1.1648671

[. INTRODUCTION ion RBS measurement. The total content of nitrogen and the
fraction of substitutional nitrogen were quantified by NRA
The strong dependence of the band gap on the N conteahd ERD with a time-of-flight detectdERD-TOP.
has made diluted GadN,_, a promising material for a va-
riety of applications such as long wavelength optoelectronic
devices and high efficiency hybrid solar céllfhe large !l EXPERIMENT
N-As size difference translates into a predicted limited mis-  GaAsN,_, epitaxial layers were grown on semi-
Clblllty on the anion sublattice, Ieading to the formation of insu|ating GaAiOO]_) substrates in a cold wall MOVPE re-
phase separation induced alloy nanostructure. Up to now, Hctor using trimethylgallium, tertiarybutylarsine, and 1,1-
has been possible to substitutionally incorporate only a fevgimethylhydrazine precursors for Ga, As, and N,
atomic percent nitrogen in GaAs by molecular beamrespectively. Details of the samples preparation can be found
epitaxy>® and metal organic vapor phase epitaxy elsewherd. Four samples withx ranging from 0.01—0.036,
(MOVPE).*® as listed in Table |, were characterized by ion beam analysis.
It is crucial to know the total N fraction as well as the  |on beam analyses were carried out on the 1.7 and 6 MV
precise lattice configurations in the epitaxial layer not onlytandem accelerators at Universite Montral. Samples were
from an application point of view, but also to better under-mounted on a computer-controlled stepping motor driven
stand and control the fundamental growth mechanisms. Byhree-axes goniometer with a precision©0.01°. A 200 V
properly selecting the different ion beam analysis methodsyoltage was applied on the sample holder to suppress sec-
such as Rutherford backscattering spectrometRBS),  ondary electron emission. A 360° movable passivated im-
nuclear reaction analysidlRA), and elastic recoil detection planted planar silicon detector was located at 170° for RBS
(ERD),% all of the elements, light or heavy, in the sample, measurements and 160° for NRA detection, respectively. The
can be characterized with a reasonable sensitivity. current on the target was also monitored by prior and subse-
In this article, RBS in channeling modBBS/channeling  quent current measurements in a Faraday cup, confirming
and NRA usingN(«,p)*’O endothermic nuclear reaction that the beam intensity was stable throughout the experi-
were applied to characterize GgMg_, epitaxial layers ments.
grown on(001) GaAs substrates by MOVPE withvarying RBS/channeling experiments were performed using a 2
from 0.01 to 0.036, as characterized by secondary ion maddeV He" beam with a current of about 3 nA. RBS spectra in
spectrometry(SIMS).2 The quality and, in some particular the random and aligned along00 and (110 directions
cases, the thickness of the layer can be measured by RB@kre collected for each sample.
channeling. The relative concentrations of Ga and As in the Several nuclear reactions can be used to character-
surface region were further obtained using 5 MeV fleavy  ize nitrogen, including **N(d,a)*?C, *N(d,p**N, and
1N(d,»)*F. However deuterium beam activation will in-
dElectronic mail: peng.wei@UMontreal.CA duce long-term radiation background in the setup. Instead,
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TasLE |. Nitrogen fraction of element V sublattice sites in the GaAd, 4x1 04
epilayers measured by NRA, ERD-TOF, compared to SIMS vdlues.

Sample NRA ERD-TOF SIMS B S f <100>

4 Y
No. 41 0.034-0.006 0.032-0.005 0.036:0.004 3x10" 1 » ‘ ]
No. 46 0.027-0.006 0.024:0.002 £ s
No. 59 0.016-0.003 0.022:0.002 0.025:0.002
No. 18 0.005:0.003 0.006:0.001 0.012:0.001
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the *N(a,p)*’O endothermic resonance nuclear reaction
was chosen, using a resonance energy of 3.72 Me% He
beam®1° which produces 1.23 MeV protons. Six layers of
2.54 um mylar foil with a total thickness of 15.24m were 0 . - T - 7 T
placed in front of the detector to stop the elastically scatterec 500 600 700 800

a particles. The total collected charge for each sample was Channel

100 pC with a beam current of about 20 nA in order to get

sufficient statistics while keeping beam-induced damagéie. 1. RBS/channeling spectra obtained along {he0) and the(110 di-
negligible. In order to quantify the total content of nitrogen rections as well as in the random direction for sample No. 41; the inset
. 919 ' . q L 9 shows an enlarged portion of spectra.

in the sample, a thick kapton foil with a known N concen-

tration was measured as a reference under the same experi-

mental conditions. For the detection of N in the channeling<100> direction is a clear signature of the presence of mis-
geometry, the sample was first aligned along(@) direc-  3ced Ga and/or As atoms in the layer, such as interstitials
tion using 2 MeV Hé without the stopping foil in front of or defect clusters.

the detector. In the (110 channeling direction, the step edge observed

The composition of Ga and As in the epitaxial layer wasyy the |ayer/substrate interface is due to the lattice strain in-
explored by heavy ion Rutherford backscattering spectromg,-aq by the incorporation of nitrogen atoms. A similar ef-

; A ;
etry (HIRBS) usirg a 5 MeV G beam for which the mass ¢t is also observed along tH&11) direction. This edge

resolution is greatly improved and the surface signal from G 14 aiso hide the presence of misplaced atoms otherwise
and As can be separated and therefore easily quantified. Fiatectable in this direction. From the height of the bump

nally, the total N and other light elements contents were alsQqng the(100) channel, after subtraction from the dechan-
measured by elastic recoil detection W'ah a t|mel-lof-fl|ght de-neling contribution, an estimate indicates that the concentra-
tector (ERD-TOR using a 50 MeV Cb beam-™ In our  i5n of misplaced atoms should be of the order of 0.7% in
setup, however, this technique cannot be used in channelingig sample with a total N fraction of 0.034 obtained later by
mode. NRA. Interstitials located af1/2,1/2,1/2 are excluded since
they would not be detectable along this direction.
lIl. RESULTS AND DISCUSSION This higher yield could also be due to high local strain
Figure 1 shows the RBS spectra of sample No. 41 colcaused by substitutional N atoms on the four neighboring Ga
lected in random(100) and(110 directions. The estimation atoms. Given the amount of N in this sample, 14% of the Ga
of xmin,» Obtained by comparing thél00) channeling and atoms are nearest neighbor of N atoms, which would result
random spectra, is-7%, which demonstrates the good qual-in a network of oddly strained atoms. However, unless the
ity of the epitaxial layer. This is in agreement with resultstotal displacement of the atoms is very large, strain should
obtained by high resolution x-ray diffractididlR-XRD) and  only contribute to a dechanneling effect on the beam, and not
transmission electron microscopy analy$ésoking closely  to a bump in the yield along the00) direction.
at the channeling spectra that were enlarged in the inset of While HR-XRD measurements reveal that samples with a
Fig. 1, we find that the aligned GaAs yield in the layer regionN content smaller thax=0.03 follow closely the Vegard
is higher than that in the substrate region along ¢{h@0 rule of substitutional incorporation of N, a departure from
direction while the reverse phenomenon is observed alonthis rule is observed for samples with higher N content, with
the (110 direction. The steps are due to the difference be-a lattice constant decreasing even more rapidly that for sub-
tween the layer and the substrate. Therefore, the thickness sfitutional incorporation. The departure reaches 20% for
the layer can be obtained by simulating the portion above theample withx=0.036. It thus seems that the features ob-
energy of the step edge in the RBS/channeling spectra, aserved in channeling are a result of the phenomenon respon-
suming that the stopping powers are the same as in the rasible for Vegard's rule departure since they were not ob-
dom direction based on the Aarhus conventibm the case served in samples with lower N concentrations.
of the sample shown in Fig. 1, the thickness found is#80 Figure 2 presents the HIRBS spectra from the same
nm, in good agreement with the value of 184 nm found by asample as well as from a pure GaAs layer, and the related
combination of SIMS and Dektak profilometry. More impor- RUMP simulations® The use of a heavier ion together with
tantly, the higher yield observed in the layer region along thea more energetic probe beam results in much
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i ' ) GaAsl tal nitrogen in this sample. The total N content, measured by
& #Noa i NRA in the random direction, is 3.4%, very close to the
Rump simulation value of 3.6-0.3% measured by SIM&Thus the concentra-
tion of misplaced N is around 0.6%. This value is in good
agreement with the estimated concentration of misplaced at-
oms —0.7% found from the bump in the spectrum measured
along the (100 direction in Fig. 1, indicating similar
amounts of N and Ga/As misplaced atoms. This suggests that
they are involved in a defect complex. The presence of
Ga—N split-interstitials has to be ruled out, however, as the
associated compressive strain would compensate for the ten-
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sile strain due to substitutional N. We know from HR-XRD
Channel measurements that the magnitude of the tensile strain in-
Fic. 2. HIRBS spectrum using 5 MeV Obeam, circles: pure GaAs; tri- Cr?ases beyond Vegard s rule for N concentration above 3%.
angles: Sample No. 41; lines: RUMP simulation. It is thus clear from current results that more complex defect

structures are involved. Further characterization by other
methods as well as simulations of the channeling spectra
better mass separation for Ga and As atoms compared teeed to be carried out in order to draw further conclusions
RBS measurements with a conventional 2 MeV He beanabout the nature of the non-substitutional N.
(Fig. 2). This allows for a precise determination of the sur-  Finally, Table | shows the N content we have measured in
face composition of As and Ga in the samples. While HIRBSseveral GaAs ,N, layers obtained by NRA and ERD-TOF,
offers poorer energy resolution in this case, the depth resesompared to the SIMS measuremehEor the samples with
lution is similar to RBS with a MeV He beam considering high N content, the NRA results are very close to the SIMS
the higher stopping power of O in GaAs. The simulated re-values while samples with lower N content show a larger
sults indicate that the concentration near the surface idiscrepancy. ERD-TOF measurements confirmed the concen-
GaAs.g0-003- The reason for As deficit is not known. Fur- tration measured by SIMS and NRA for the sample with the
ther ERD-TOF measurement, HIRBS/channeling experihighest N content. For the two samples with a lower N con-
ments and x-ray photoelectron spectrometry will be carriedent, ERD-TOF is closer to the SIMS results for sample No.
out to shed light on the interaction between N, O, C, Ga, an®9, but corroborates the NRA result for sample No. 18,
As atoms. which has the smaller amount of N. The reason for this dis-
Figure 3 shows the NRA spectra from the sample No. 4lcrepancy is not clear at the moment, but it is worth mention-
along(100 and random directions. The quantitative concen-ing that a small number of detected atoms was obtained from
tration of nitrogen was extracted by a relative measuremerthese samples. The error estimates reflect the statistical un-
using a thick kapton foil as a reference for nitrogen. Bycertainly on these values. Although ERD-TOF may be the
comparing the maximum yields of the peak around channdbest choice for detecting light elements in the heavier target
260 in Fig. 3, xmin is about 18%. Taking into account that since it does not require any standard, the advantages of
Xmin fOr GaAs is~7%, the fraction of substitutional nitrogen NRA are that it can be used for channeling measurements at
can be estimated by the following expressiopl  normal incidence, and that less radiation damage is induced
— Xmin(NRA))/(1— xmin(RBS)], in this case 88% of the to- by the analyzing beam. Compared with SIMS, it is a nonde-
structive technique for quantitative characterization of layers,
also providing information on atomic location. If an accurate

40 T — T T nuclear reaction cross section is available, an absolute analy-

® <100> sis can be carried out without using any reference sample.
O random ©

IV. SUMMARY

GaAs _,N, samples were characterized by RBS/
channeling, HIRBS NRA, and ERD-TOF ion beam analysis.
For the sample withx=0.036, the results confirm that high
quality stained epitaxial layers were grown. Based on the
NRA results on the random and channeling geometries, more
than 80% of nitrogen atoms in this epilayer occupy substitu-
tional sites of the zinc-blende lattice. HIRBS analysis reveals
that less As atoms than Ga atoms were incorporated in the

Channel surface region of the layer. Channeling in {1€0 direction
Fic. 3. Nuclear reaction analysis spectra obtained along1088 and the also show the presence of a fair amount of Ga or As dis-

random directions for sample No. 41, using 8(a,p)0 endothermic ~ Placed in 'Fhe |a}’(_9rv at a concentration eqUiVa!ent_ to the
reaction. amount of interstitial N atoms. Further characterization and
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