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We have investigated nitrogen incorporation mechanisms in dilute nitride GaAsN alloys grown by
plasma-assisted molecular-beam epitaxy. A comparison of nuclear reaction analysis and Rutherford
backscattering spectrometry in channeling and nonchanneling conditions reveals significant
composition-dependent incorporation of N into nonsubstitutional sites, presumably as either N–N
or N–As split interstitials. Furthermore, we identify thes231d reconstruction as the surface
structure which leads to the highest substitutional N incorporation, likely due to the high number of
group V sites per unit area available for N–As surface exchange. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1789237]

For many III–V–N alloys, the band-gap energy is re-
duced as the nitrogen composition increases.1–3 For example,
for ,1% N added to GaAs, the band gap is reduced by
,200 meV.2 The resulting dilute nitride semiconductors are
promising for a wide range of applications including long-
wavelength light-emitters, high-performance electronic de-
vices, and high efficiency solar cells. For GaAsN alloys, the
electron mobility and optical emission intensity decrease as
the nitrogen incorporation increases.4–6 However, conflicting
results have been reported regarding the mechanism of N
incorporation in GaAsN,7–11and the relationship between the
mechanism of N incorporation and the GaAsN surface re-
construction has not been reported.

Ahlgren et al.7 observed a nearly constant interstitial N
concentration of 231019 cm−3 for 100 nm thick films with
total N concentrations ranging from 1.8 to 9.731020 cm−3.
Bisognin et al.8 reported N contamination of 231014 cm−2

on the surface of a series of 150 nm thick GaAsN films with
total N concentrations ranging from 3.8 to 1031020 cm−3.
They reasoned that the apparent interstitial N measured by
Ahlgrenet al. was likely caused by a similar N surface con-
tamination, which would be consistent with the first-
principles total-energy calculations prediction of an intersti-
tial N concentration of,131014 cm−3.9 On the other hand,
Spruytteet al.10 reported a much larger interstitial N concen-
tration of 1.531020 cm−3 for one 200 nm sample with total
N concentration of 731020 cm−3, likely not entirely ac-
counted for by N surface contamination. The potential arti-
fact of N surface contamination may be further minimized
for even thicker films. To date, Altet al.11 have reported an
interstitial concentration of,631018 cm−3 in one 350 nm
thick GaAsN film with total N concentration of 1.3
31020 cm−3. We report significant composition-dependent
interstitial N incorporation in 500 nm thick GaAsN films
with total N concentration ranging from 1.5 to 8.5
31020 cm−3. We identify thes231d reconstruction as the
surface structure which leads to the highest substitutional N

incorporation, likely due to the high number of group V sites
per unit area available for N–As exchange.

The GaAs1−xNx alloy films were grown on epiready
s001d GaAs by molecular-beam epitaxy(MBE), using solid
Ga and As4 or As2, and a radio frequencysrfd plasma source,
with ultrahigh purity 10% N2/Ar. The N composition in the
GaAs1−xNx layers, x, was adjusted by varying the GaAs
growth rate between 0.25 and 1.2mm/h.10 The surface re-
construction was monitoredin situ with reflection high-
energy electron diffraction(RHEED). The substrate tempera-
ture was monitored using an optical pyrometer, calibrated to
the s234d–s331d and s331d–s432d surface reconstruc-
tion changes at 500 and 595°C, respectively.12

GaAs substrates were mounted either on In-bonded or
In-free molybdenum blocks. Each sample contained an ini-
tial 500 nm GaAs buffer layer grown at 580°C. For some
samples, the substrate temperature was lowered to 500°C,
and an additional 20 nm layer of GaAs was grown.13 For
other samples, a series of annealing steps was performed at
580 and 530°C with As overpressure, followed by a 370°C
anneal without As.14 Finally, ,500 nm thick GaAs1−xNx lay-
ers withx ranging from 0.005 to 0.035 were grown at 400,
550, or 580°C. All the GaAs1−xNx layers were grown with a
high As/Ga beam-equivalent pressure ratio(.30 for As4
and ,20 for As2). Some of the samples were subsequently
annealed at the GaAsN growth temperature with As over-
pressure, followed by a 370°C anneal without As.

Figure 1 shows the RHEED patterns collected during the
growth of the 580°C GaAs buffer layer, and the GaAsN
layers at 400, 550, and 580°C. During the growth of the
580°C buffer layer, RHEED reveals a streakys234d pat-
tern, shown in Figs. 1(a) and 1(b). For the GaAsN layers
grown at 400°C, the intensity of the center streak of the
s23d pattern is reduced, and a streakys231d pattern is evi-
dent, as shown in Figs. 1(c) and 1(d). For GaAsN layers
grown at 550°C, the center streak of thes23d pattern trans-
forms to two streaks, and a slightly spottys331d pattern is
evident, as shown in Figs. 1(e) and 1(f). Finally, for GaAsN
layers grown at 580°C, the RHEED pattern is essentially
identical to that shown for the GaAs buffer layer in Figs. 1(a)
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and 1(b). These surface reconstructions are consistent with
reports of GaAsN growth.15–17 The surface morphology of
the films was examinedex situ with tapping mode atomic
force microscopy(AFM). For GaAsN films grown at 400°C,
the rms roughness was 0.3±0.1 nm, similar to that of the
GaAs buffer layer. Meanwhile, for GaAsN films grown in
the range of 550–580°C, the rms roughness increased to
1.3±0.1 nm.

The total N concentration and fraction of N incorporated
substitutionally, f, were determined using nuclear reaction
analysis(NRA) with the 14Nsd,a0d12C and14Nsd,a1d12C re-
actions. We used 1.4 MeV deuterons, which have a penetra-
tion depth of,15 mm, much greater than the thickness of
the GaAsN films.18 The emitteda0 and a1 particles were
collected using a detector with a solid angle of 5 msr, at a
scattering angle of 150°, for which the scattering cross sec-
tion is well known.19 The N concentrations determined using
the yields froma0 anda1 particles were within 6%, less than
the average measurement error. NRA measurements of
GaAsN and Rutherford backscattering spectrometry(RBS)
measurements of GaAs were performed in bothf001g chan-
neling conditions, and tilted,5° away from thef001g axis,
which we define as a “nonchanneling” condition. Multiple
channeling and nonchanneling measurements performed on
the same location revealed negligible lattice damage induced
by the deuteron beam. To determinef, we assume stoichio-
metric undoped GaAs reference samples with negligible in-
terstitial concentrations, typical of high temperature grown
GaAs.20 Furthermore, we assume homogeneous random
GaAsN alloys, as suggested by prior scanning tunneling mi-
croscopy measurements of similar samples.21 The fraction of
N incorporating substitutionally is given by

f =
1 − xsNd

1 − xminsGaAsd
, s1d

wherexminsGaAsd fxsNdg is the ratio of the yield in channel-
ing and nonchanneling conditions for GaAsfNg. For GaAs
reference samples grown by MBE,xmin was 0.057±0.005,
similar to earlier reports.7 The xsNd values ranged from
0.14±0.03 to 0.52±0.05 for a variety of GaAsN films.

Figure 2 shows a plot of substitutional and interstitial N
concentrations as a function of the total N concentration for
a variety of films. The plot reveals an increase in both sub-
stitutional and interstitial N concentrations as a function of
total N concentration. For total N concentrations below 2
31020 cm−3, we observe interstitial concentrations similar to
Ahlgren et al.7 and Alt et al.11 However, for total N concen-
trations above 431020 cm−3, we observe significantly
greater interstitial concentrations than Ahlgrenet al.7 Instead,
we observe interstitial N concentrations similar to Spruytteet
al.10 Since our films are 500 nm thick, N surface contamina-
tion of 231014 cm−2 would lead to 431018 cm−3 interstitial
N concentration, less than 33% of our lowest interstitial N
concentration. Thus, we expect that our significant interstitial
N concentrations cannot be accounted for by N surface con-
tamination. Interestingly, for GaAsN grown at 550 and
580°C, with thes331d and s234d reconstructions, respec-
tively, we observe substantially higher fractions of interstitial
N than for GaAsN grown at 400°C, with thes231d recon-
struction. Since thes231d reconstructed surface has signifi-
cantly more group V sites per unit area than thes331d or
s234d surfaces,22–24N atoms may more effectively incorpo-
rate substitutionally via N–As exchange.25 This change in
the mechanism of N incorporation for high temperature
GaAsN growth may contribute to the increase in surface
roughness discussed earlier. A similar trend has been re-
ported for nonsubstitutional C incorporation in SiGeC
alloys.26

The interstitial concentrations shown in Fig. 2 indicate
the number of N atoms in interstitial sites per unit volume,
which may not be equivalent to the number of N interstitial
defects per unit volume. Both calculations9 and
experiments27 have suggested that the dominant form of in-
terstitial N is either the N–As split interstitial, NAssplit, or
the N–N split interstitial, NNsplit, shown in Fig. 3. Our chan-
neling measurements do not distinguish these forms of inter-

FIG. 1. RHEED patterns collected along thef110g and f11̄0g axes during
growth of (a) and(b) GaAs buffer layer grown at 580°C, and GaAsN films
at (c) 400°C, (d) 400°C, (e) 550°C, and(f) 550°C. GaAsN grown at
580°C was essentially identical to(a) and (b).

FIG. 2. (Color online) Substitutional(solid symbols) and interstitial(open
symbols) concentrations vs. total N concentration for GaAs1−xNx films with
varyingx. The concentration of interstitial N increases with total N concen-
tation. aSee Ref. 7.bSee Ref. 10.cSee Ref. 11.
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stitial N. If NAssplit is dominant in GaAsN, the interstitial
concentration would be equal to the concentration of N at-
oms in interstitial sites in Fig. 2. Alternatively, if NNsplit is
dominant in GaAsN, the interstitial concentration would be
equal to half the concentration of N atoms in interstitial sites
in Fig. 2. Deep level transient Fourier spectroscopy(DLTFS)
measurements have suggested that NNsplit and NAssplit are
the dominant defects for GaAs1−xNx with x,0.1% andx
=0.5%, respectively.27 In order to determine the dominant
defect for higher N compositions, further DLTFS experi-
ments are needed.

In summary, we have investigated nitrogen incorporation
mechanisms in GaAs1−xNx films using a combination ofin
situ RHEED andex situAFM, NRA, and RBS. A compari-
son of NRA and RBS in channeling and nonchanneling con-
ditions reveals significant composition-dependent nonsubsti-
tutional N, which cannot be accounted for by N surface
contamination. Furthermore, growth of GaAsN films at
400°C, with as231d surface reconstruction, leads to the
highest substitutional incorporation of N. This is likely due
to the higher number of group V sites per unit area available
on thes231d reconstructed surface in comparison with the
s331d and s234d reconstructed surfaces.
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FIG. 3. (Color online) Ball and stick crystal schematic for GaAsN with
substitutional N,N–As split interstitial, and N–N split interstitial. The
white, grey (green), and black (blue) spheres represent Ga,As, and N,
respectively.
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