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Concentration of interstitial and substitutional nitrogen in GaN JAS1_

T. Ahlgren® and E. Vainonen-Ahlgren®
Accelerator Laboratory, P.O. Box 43, FIN-00014 University of Helsinki, Finland

J. Likonen
Technical Research Centre of Finland, Chemical Technology, P.O. Box 1404, FIN-02044 VTT, Finland

W. Li and M. Pessa
Optoelectronics Research Centre, Tampere University of Technology P.O. Box 692, FIN-33101 Tampere,
Finland

(Received 15 November 2001; accepted for publication 1 February) 2002

The interstitial to substitutional nitrogen atoms as a function of concentration in GaNAs were
determined by nuclear reaction analysis utilizing ¥N(d, p) >N and**N(d, a)*%C reactions using

ion channeling technique. The GaNAs films with mean nitrogen concentration between 0.3% and
3%, measured with secondary ion mass spectrometry and time-of-flight elastic recoil detection
analysis, were grown using gas-source molecular-beam epitaxy. The fraction of nitrogen atoms
occupying substitutional sites was observed to increase linearly with increasing nitrogen amount,
while the concentration of interstitial nitrogen was nearly constantat@® cm™2 throughout the
concentration region. Annealing at 750°C decreases the concentration of interstitial
nitrogen. © 2002 American Institute of Physic§DOI: 10.1063/1.1465522

The rapid development of optoelectronic devices, espeThe detailed growth conditions were reported elsewfére.
cially at wavelength range of 1.3—1.%8n, has focused the RTA was conducted with halogen lamps under gés flow.
research toward Ghln)NAs alloys, where a small amount of The N concentration measurements were done by sec-
N leads to considerable band gap reduction due to the largendary ion mass spectrometfiand time-of-flight elastic re-
band gap bowind.Incorporation of N into Gén)As, though  coil detection analysi$ERDA) with the 5 MV tandem ac-
deteriorates the crystalline quality. The origin for this hascelerator EGP-10-Il of the University of Helsinki. In the
received a lot of attention in recent publicatidngbut stil ERDA measurements, a 53 MeV beam’fi'®" ions was
remains unclear. In the study conducted by Mcketyal?  used. The detector angle was 40°, and the samples were
measurements of the arrangement of N atoms in GaNAs bjited relative to the beam direction by 20°. The elementary
scanning tunneling microscopy show that N atoms are ranconcentrations were calculated using known geometry and
domly distributed and no clustering is observed. HoweverSRIM-96 stopping powers for energy loss calculatiois'?
some enhancement of the number of second nearest neighbor For the'*N and GaAs channeling measurements, beams
pairs was observed. Bkeret al.” showed that N diffuses in 0f 1.3 MeV deuterium ions and 1.8 MeV protons were used,
GaAs by a kick-out mechanism involving interstitial N. respectively. The vacuum during measurements was kept
From their measurements, however, it is not possible to corPetter than 5 10~° Pa by placing a liquid nitrogen cooled,
clude the fraction of interstitial N. large area metal plate close to the sample. The experimental

The purpose of this study is to experimentally determineSetup used standard electronics, detector, and a beam chop-
the concentrations of interstitial and substitutional N as aP€er system. The utilization of a beam chopper system al-
function of mean N concentration and temperature. This inlowed an accurate way to normalize the total collected
formation is indispensable for N diffusivity calculations charge for the random and aligned spectra. The scattered H
where the interstitial to substitutional ratio is needed and foffom Rutherford backscattering spectrometry, and high en-
understanding the effects of rapid thermal annealRgA)  €rgy H and He from nuclear reaction analyéitRA), were
on GdIn)NAs structures. detected by a silicon surface barrier detector with a thickness

The growth of GajAs, _, (100-nm-thick samples with ~ Of 700 um, and an effective area of 50 Mrplaced 2.5 cm
a 10-nm-thick GaAs cap layer and different N concentrationdrom the sample(solid angle 80 msr at an angle of 135°
(0%<x<3%) was performed in a gas-source molecular-relative to the beam direction. In the NRA measurements a
beam epitaxy system. Group-lll fluxes were produced by32—,um-thick mylar foil was placed in front of the detector to
thermal effusion cells, group-V flux was provided by ther- Prevent the high counting rate from scattered D. During the
mally cracking of AsH, and reactive nitrogen was provided expe_riment a neutron rad_iation between BQ andi 50 mrem was
by a radio-frequency plasma cell. The GaNAs films wereMonitored at the analyzing magnet. To identify the NRA
grown at 480°C to incorporate N into the GaNAs layers.Yi€lds from N, a pure Ta sample was implanted Wt ions

with energy 120 keV and dosex510' cm™2.

Figures 1a)—1(d) show the NRA yields from GaNAs
dAuthor to whom correspondence should be addressed; electronic mai(L;'md referencé?N implanted Ta sample as a function of out-
tommy.ahlgren@helsinki.fi P P
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Ypresent address: ASM Microchemistry Ltd, P.O. Box 132, FIN- COMINg particle energy from _reactloné N(d,p)™N,
02631 Espoo, Finland. ¥N(d,a)*>C for N, and reactions!®O(d,p)}’0 and
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FIG. 2. Normalized 100 channel to random yieldsy{,,) for N and GaAs

as a function of mean N concentration in the sampigs, decreases for N

(© 160¢ (d) 1 and increases for GaAs signal as the N concentration increases. The inset
9 shows how the RTA decreases interstitial N and increases GaAs vyield.

i 140} b
"N(d,p,/p,)"°N [3.78]i "N(d,p,)"°N [8.56]

100, A ~_d energy of substitutional N atom occupying Ga site was cal-
- [ o 000, 0 1 culated to be much larger than for N atom occupying As site.
ICHEE S N(d,a) “C [9.88] Thus, we can assume that most of the increase in the mini-
” :'. :'. ! mum yield originating from the GaAs lattice can be attrib-

508 N i uted to an increase in the As interstitials. This is in good

& S agreement with the N diffusion study in Ga/Ashere it has

been shown that nitrogen diffuses by a kick-out mechanism
involving interstitial N and As atoms. In the inset, we can
further see that when the sample containing 9.7
X 107 N at./cn? is subjected RTA at 750 °C for 30 s, the N
channel to random ratio decreases noticeably, and at the
FIG. 1. Experimental NRA yields from GaNAg100) and random direc- same time the GaAs channel to random ratio increases. This

tion) and **N implanted Ta. Triangles and rings dend®00 and random clearly indicates that during annealing a large amount of in-
yields, respectively. The values in the square brackets are the initial particl? Lo .. .
erstitial N atoms takes substitutional sites.

energies in mega-electron-volts before the mylar foil in front of the detector.

28 32
Energy MeV)

Figures(a), (b), (c), and (d) corresponds to the reaction yield in different To calculate the substitutional fraction of N atoms
regions of particle energy. (Frac.Ng) from the minimum yield, the following equation
was used

2c(d,p)**C for surface oxygen and carbon, respectively.
The NRA yields for GaNAs are taken both when the D ion
beam is aligned parallel to the low index crystallographic

direction(100) and random direction, which is defined as a, heare the xmin(GaASREF) andy,,(N) are the minimum

tilt angle of 5° off from the(100 channel with an 15°  yie|q for virgin GaAs(Fig. 2 and N, respectively. Equation
azimuthal angle from th¢110] plane. The energies in the (1) should apply if N atoms are not arranged in large clusters,
square bracketsee figurgare the initial particle energies in \hich indeed is the case shown by McKayal? The for-

mega-electron-volts before the 3an-thick mylar foil in  myja can be used to calculate the concentration of interstitial
front of the detector. For the determination of interstitial andzng substitutional nitrogen from the known total N atomic
substitutional concentrations the He and proton reactiogoncentration. In Fig. 3, the calculated atomic concentrations
peaks in Fig. {d) were chosen due to the low background. of supstitutional and interstitial nitrogen are plotted. This
From these peak areas the N minimum yield, i.e., the norpjcture shows that substitutional N increases linearly with
malized ratio of the channeled and random yields, could bgotal N content. Very interesting is that the interstitial nitro-
determined. gen concentration increases very slow and stays at about
Figure 2 presents the minimum yield results obtained by 2x 10'° at./cn? at the whole region. In the inset we see
NRA for N and RBS for GaAs. As can be seen, the N chanthat RTA at 750 °C decreases the concentration of interstitial
nel to random ratio decreases fast from about 16% to 7%itrogen by a factor of about 10. In a study of the effects of
when the nitrogen concentration increases from about RTA on GalnNAs/GaAsP quantum well structures and lasers,
X 107 to 10x 107 at./cn?. As the N concentration increases Li et al® concluded that the optimum annealing temperature
and because As and N atoms are isovalent, the increasing about 750—800 °C. At this temperature, maximum photo-
substitutional N should lead to an increase in the displaced duminescence intensity was observed, due to the removal of
interstitial As amount. Indeed, as the substitutional nitrogerN-induced nonradiative centers from GalnNAs wells.
increases, we see a slight increase in the minimum vyiel®Present results show that the majority of N interstitials are
originating from the GaAs lattice. In aab initio study of  removed during RTA, hence, we suggest that these nonradi-

substitutional N in GaAs by Orellanat all* the formation  ative centers could be defects involving interstitial N.
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J0F by the usual equatioK =KX exp(—E,/kT), whereK, and

E E, are the reaction constant and activation energy, respec-
% 8r tively, k is the Boltzmann’s constant, antl the absolute
?b temperature, we get tha€,~10* and E,~0.7 eV. These
cbr values are only approximate, and more temperature points
15 sl are clearly needed for their accurate determination.

® We have measured the concentrations of interstitial and
‘g ot substitutional N in GaAs as a function of total N concentra-
2 e cone. (10%em™ tion. It was shown that substitutional N increases linearly as
Sol - - ——4—— x total N increases, but interstitial N is almost constant at about

2 P 6 s 10 2x10% cm™3. RTAat 750 °C for 30 s removed almost all of
N concentration (10%%at./cm’) the interstitial N, resulting in an estimate for the equilibrium

reaction constant between N and As in GaNAs as a function
FIG. 3. The interstitial and substitutional N concentrations as a function ofpf temperature.
mean N concentration in the samples. Substitutional ) (iNcreases lin-

early, while the interstitial N (N has almost the same concentration in the This work has been supported by the Academy of Fin-
whole N concentration region. The inset shows dramatic decrease of inte‘-an d

stitial N after RTA.
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