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Origin of improved luminescence efficiency after annealing of Ga (In)NAs
materials grown by molecular-beam epitaxy
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Positron-annihilation measurements and nuclear reaction anflysizing the *N(d,p)*°N and
14N(d,He)*?C reaction in conjunction with Rutherford backscattering spectrometry in the
channeling geometry were used to study the defects in as-groWin)8As materials grown by
molecular beam epitaxy using a radio-frequency plasma nitrogen source. Our data unambiguously
show the existence of vacancy-type defects, which we attribute to Ga vacancies, and nitrogen
interstitials in the as-grown nitride—arsenide epilayers. These point defects, we believe, are
responsible for the low luminescence efficiency of as-grow(ir@ldAs materials and the enhanced
diffusion process during annealing. @001 American Institute of Physics.
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Group lll-nitride arsenides are very promising materialsof the momentum distribution of the annihilating electron-
for 1.3 and 1.55um telecommunication optoelectronic de- positron pairs?t
vices grown on GaAs substrated. It is well known that the On the other hand, Rutherford backscattering spectrom-
incorporation of nitrogen into GaAs causes the bulk bancetry (RBS) using a high energy ion beam is a well estab-
gap to decrease dramatically, but it also deteriorates the cryished method to quantify the composition of matrix ele-
talline quality of G&ln)NAs materials:®® Many studies ments and impurities in near-surface layers of many
have shown that annealing significantly improves the lumi-semiconductor materials, including GaXsWhen the ion
nescence efficiency of these allofthe photoluminescence beam is aligned parallel to a low index crystallographic di-
(PL) intensity typically increases by a factor of R@vhich rection in a single crystal sample, the backscattering yield
has been attributed to a significant reduction in the concerf:an decrease by as much as two orders of magnitude due to
tration of competing nonradiative defe¢td® but it also re-  channeling. This phenomenon can be used to probe defect
sults in a blueshift of the emission. The blueshift has beeigtructures and lattice site locations in crystalline materials.
attributed to nitrogen outdiffusion and group I Since RBS methods are not sensitive to nitrogen atoms,
interdiffusion®®® The identity of the nonradiative defects, Nuclear reaction analysifiRA) was employed in this study
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however, remains unclear. The defects present in as-growlizing the “N(d,p) N and*N(d,He)™“C reactions.
Galn)NAs epilayers were believed to be related to the N !N this work, we use both positron-annihilation measure-
ions-induced damage, and an electrical or magnetic field wa®€nts and NRA in conjunction with RBS to study the point
applied to remove the residual energetic i8fist was also  defects present in as-grown @aNAs materials grown by

postulated that the nonradiative traps were due to hydrogeMB'_E using a rf-plgsma cell. Our data _reveal a high density
impurities since hydrogen concentration in the sample%f nitrogen interstitials and Ga vacancies. These defects, we

changed when annealifg® However, for nitride—arsenides elieve, are responsible for the low luminescence efficiency
grown by solid-source molecular be:am epitaMBE) using of as-grown GAn)NAs materials and the enhanced diffusion

a rf-plasma cell(with no hydrogen presenthe same in- process during anneallng. .

crease of luminescence efficiency with annealing was The samples for this study were grown using a gas-
observed. Recently, it was reported that interstitial nitrogen source M.B E system. Group Ill fl_uxes are produced by ther-
could be responsible for the low luminescence efficiency o al effusion cells, group V flux is provided by a thermally

unannealed GEnNAs materials with higher nitrogen cracking AsH, and reactive m_trogen is provided by a rf-
content® plasma cell. The G&)NAs films were grown around

Positron annihilation spectroscopy can be used to stud4sooc to incorporate N into the @a)As epilayers on
oint defects in semicondupctors andp?/n articular vacancieséaAs' The detailed growth conditions were described
P ’ P ' &lsewheré:® After growth, ex siturapid thermal annealing

Positrons trapped at vacancy defects are experimentally ola\—las applied by using halogen lamps and flowing s
served as an increase in the positron lifetime and a narrowing

mbient.
The N-implanted sample was used for the calibration of
#Electronic mail: wei.li@orc.tut fi secondary ion mass spectroscdi8IMS) measurements of
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0.555[ : : ] Therefore, the increase & and the decrease &¥ param-
@ i = GalnNAs (a) eters are thus clear signs of vacancy defects in the samples.
3 o + InGaAs The value ofS is above the reference lev&; and W is
g 0550] 4 + bulk Gahs | below Wg found in all as-grown G@n)NAs samples, thus
e on indicating that the samples contain vacancy-type defects.
g s Since the annihilation paramet& and W fall on the line
£ p
% 0.545| A;’u . | between the GaAs lattice and Ga vacancy, we conclude only
= [+ rakDoe 0 o8 o Ga vacancies act as positron trapFhe concentratiolt,, of
E " *::i‘. Q‘ﬁg:: A‘?‘AgngiigiiéxA Ga vacancy(or compley can thus be calculated usirfg

0.540| T T e D 1 parameter data in the equation

0 10 20 30 40 Nat S—Sg
Positron Energy (keV) V= wyTg Sy— S’
= 0038 whereN,; is the atomic density ands=230 ps is the posi-
% L e tron lifetime in the GaAs lattice. At 300 K we use the posi-
g 0.036} R 1 tron trapping coefficienju, (300 K)=1.4x 10'°s ™%, and for
s N A the Ga vacancy we us®g,=1.015Sg.%
[ 0.034| & & L o | . (Ga)
g AAA e The concentration of Ga vacancy was calculated to be
= O (4.2+0.2)x10%cm ™2 in the GalnNAs sample and (1.5
- oA +0.1)x 10 cm™2 for the reference GalnA$N-free) epil-
= oosol e » GalnAs by ayer, respectively. This result suggests that the Ga vacancy-
_D:'::D ' . . bulk GaAs (®) type defects present in t_he N containing sampl_es partly re-
T ooosl = | lated to the energetic N ion-induced damage, since there is
' 5 n 23 39 20 inevitably a low current of ions reaching the substrite rf
. plasma cell will produce a much lower current of ions than
Positron Energy (keV)

dc source The other source is due to the lower growth tem-
FIG. 1. (8 Low-momentum paramete and (b) high-momentum param- Perature used for the nitride—arsenide materials to avoid the
eter W as a function of positron incident energy in as-grown phase separation. As a result, the insufficient migration of the
Gay,0dNo.oNo.0AS0.98 SAMPple. For comparison, the data for a bulk GaAs cations will contribute to the formation of Ga vacancies.
(acfseéegégﬁiénd a Ggodnp o:As sample grown under the same condition are The S and W parameters in anneale@50°C 30 3
GalnNAs samples were also measured, and their values are
almost the same as the reference le@lsandWg, indicat-
nitrogen concentration in G@)NAs epilayers. SIMS mea- ing most of the Ga vacancies present in the as-grown
surements were provided by VG lonex IX70S instrumentsamples are annealed out after RTA treatment.
Cs' ions were used as primary ions and the primary ion  For the channeling measurements, a beam of 1.3 MeV
energy used was 12 keV. The nitrogen concentration wageuterium ions with a current of 40 nA was used. The first
deduced from the SIMS profile based on the signal ratio ogpectrum taken was always the on-axis alignment, and the
8GaNFGa’ acquisition time for the critically aligned spectrum was kept
Positron annihilation spectra were measured using a poselow the time at which irradiation damage could have ac-
itron beam with the variable ener@~=0-40keV. The 511- cumulated to an amount affecting the minimum yield of the
keV-annihilation line was measured using a Ge detector witlsample. In order to determine the concentration of intersti-
an energy resolution of 1.3 at 511 keV. The shape of the lingials in the epilayer, a channel in a low index direct{d@@0]
was described in terms of low and high electron-momentunwas probed. By comparing the N yields from spectra ob-
parametersS and W, which were determined using conven- tained in random and channeling direction, the amount of
tional energy windows$® The S parameter represents the nitrogen in the[100] channel could be calculated. This con-
fraction of positrons annihilating mainly with the valence centration of interstitial nitrogen represents a lower limit for
electrons with a longitudinal momentum componentpef  the total concentration, since some of the possible interstitial
<3.7x10° 2 myc, wherem, is the electron mass ardthe  sites were shadowed by lattice atoms and would only be
speed of light. ThaV parameter is the fraction of annihila- accessible through different channels.
tions with the core electrons with a large momentum compo-  Figure 2 shows the nuclear reaction yield as a function
nent of 11X 103 myc<p, <29x 10 3 myC. of energy obtained from the 100-nm-thick as-grown and an-
The S and W parameters in lum-thick as-grown nealed GapAs; , epilayer(with a 10-nm-thick GaAs cap
Gay.94No.0dN0.027AS0 08 €pilayer on GaAs were measured at layen with the ion beam aligned with tHa.00] (surface nor-
300 K as a function of the position beam energy E shown immal). The intensity of the random nitrogen is proportional to
Fig. 1. For comparison, a reference f@gnyo:As/GaAs  the total nitrogen concentration. Higher energies correspond
sample grown under the same growth conditions is als@o smaller depth below the sample surface. The total nitrogen
shown in the figure. It is well known that positrons get concentration in this sample, as measured by SIMS, was
trapped at neutral and negative vacancy defects with a typi6.7+ 0.6)x 10°°cm 3 (x=3.02%). Assuming that the N in-
cal binding energy of>1 eV, and the electron momentum terstitials are within thé100) channel, measurements of the

distribution at vacancies is narrower than in the bidlk. NRA yield in the channeling and random directions unam-
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160 —— . : . . combination as well as transport process. Therefore, the
—+ Aligned to [100] ; nitride—arsenide materials must be annealed to obtain device
R 4 quality material. Unfortunately, the annealing out of these
120 —o— Random B . . . .
| defects also leads to an enhanced inter-diffugid@s—N in-
As-grown | terdiffusion through kickout mechanism and/or vacancy-
80l b i assistant group Il interdiffusion in the case of GalnNAs/

GaAs which accounts for the fast blueshift of the emission
wavelength at the initial stages of the anrfebAn alterna-
tive is to improve the design of the rf-plasma source reduc-
ing the ion-induced damage or incorporate more indium at-
3 oms in the epilayer inhibiting the N interstitial formation.
680 720 760 800 840 The role of indium is twofold(1) the indium also causes the
Channel Number bulk band gap to decrease, thus less N atoms are required in
(@) the nitride—arsenides for certain wavelength applicati()s;
a highly compressive strain in the epilayer induced by the
160 —— : . . . indium incorporation makes N atoms energetically prefer to
"+ Aligned to [100] occupy the As sublattice than the interstitial sites during the

120l —o— Random 0 growth. . . A
EP 1 In conclusion, we use both positron-annihilation mea-

Backscattered Yield (a.u.)

Annealed

surements and NRA in conjunction with RBS to study the
defects in as-grown GB)NAs materials grown by molecu-

lar beam epitaxy using a rf-plasma source. Our data reveal a
high density of nitrogen interstitials [(2.3+0.2)
x10¥%cm ™3] and Ga vacancie§(4.2+0.2)x 10cm3].

We believe these point defects are responsible for the low
luminescence efficiency of as-grown BaNAs materials,

880 70 T 800 840 which would help to understand the growth and annealing
process of G@dn)NAs materials and other physical

80+

40

Channel Number

(b) properties.
FIG. 2. Nuclear reaction yields as a function of enefgiyown as channel
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2W. Li, J. Turpeinen, P. Melanen, P. Savolainen, P. Uusimaa, and M. Pessa,
_ ] o Appl. Phys. Lett.78, 91 (2001).
biguously show that (2:50.2)% of the nitrogen is in an 2 A. Egorov, D. Bernklau, D. Livshits, V. Ustinov, Z. Alferov, and H.
interstitial lattice site for the as-grown samglie mecha- 45'9?‘3% E'&Ctg’”_- tetgf, 12d5;—\(1Fg99r-] | Electron. 188, 1208(2000
H H e H . : . FIscnher, M. Relinharat, an . Forchel, electron. .
nisms for |nter§t|t|al N formation and relate:j configurations s, Li. M. Pessa, and J. Likonen, Appl. Phys. Lat8, 2864(2000.
are discussed in Ref) SAfter anneal at 750 °C for 30 s the 6s G, spruytte, C. W. Coldren, J. S. Harris, W. Wampler, P. Krispin, K.
fraction of N interstitial decreases to (0:80.04)%, and a 7F>|oog, and M. C. Larson, J. Appl. Phyg9, 4401(2002.
slightly increase of the interstitial to substitutional ratio of ng‘§§§§3‘2’%‘&’3§?°“' S. Makino, F. Koyama, and K. Iga, J. Cryst.
. . . . . o' ) .

RBS y_lelds from GaA_s is observed, |_nd|_cat|ng most of thg Nz pan, L. H. Li, W. Zhang, Y. W. Lin, and R. H. Wu, Appl. Phys. Lett,
interstitials reoccupying the substitutional sites possibly 1280(2000.
through a kickout mechanism in which an interstitial nitro- °H. Saito, T. Makimoto, and N. Kobayashi, J. Cryst. Grovit®5 416
gen kicks out arsenic from the lattice resulting in an intersti—mglig%eisz D. 3. Friecman, J. M. Olson, S. R. Kurtz, and B. M. Keyes,
tial arsenic and an substitutional nitrogen atbrm addition, Cryst. Growth195, 401 (1998.
we find even for the low N content as-grown sample ( positron Spectroscopy of Solidsdited by A. Dupasquier and A. P. Mills
=0.72%) the concentration of N interstitial is very high (I0S, Amsterdam, 1995

S . e 12 i i
[(2.3+0.2)x 10"°cm 3], indicating N interstitial is the ma- \(’X'C';ag;i% JN:\\/I\} %”‘rﬁe’i ;‘;g M. A. NicoleBackscattering Spectrometry
jor defect formed in nitride—arsenides due to the large SIZ&K  saarinen, P. Hautojei, and C. Corbel, indentification of Defects in

mismatch between the As and the N atom. Semiconductorsedited by M. StavolgAcademic, New York, 1998 p.
The existence of high density of N interstitials and Ga_,209- , L _

vacancies in the as-grown nitride—arsenide materials will ;'hbz'g‘é’ fésssa(igg%n’ P. Hauteja, C. Corbel, and M. Missous, J. Appl.

significantly affect device performance, since they would in-1sg ggsker, N. A, StoIWijk, J. V. Thordson, U. 8ervall, and T. G. Ander-

troduce band-gap levels affecting the carrier capture and re-sson, Phys. Rev. Let&1, 3443(1998.

Downloaded 22 Aug 2001 to 128.214.7.114. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



