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ABSTRACT

Dilute nitride semiconductor alloys are attractive for near- to mid-IR optoelectronic applications but their widespread implementation is hin-
dered by efficiency-limiting non-substitutional N incorporation. Although epitaxy in the presence of surfactants has been reported to increase
photoluminescence (PL) emission intensity, the impact of surfactants on N incorporation mechanisms and the resulting optoelectronic prop-
erties remains unknown. In this work, we examine the influence of a Bi surfactant on non-substitutional N incorporation and the optoelec-
tronic properties of dilute GaAs1�xNx alloy films. For GaAs1�xNx alloy films grown with a Bi surfactant, tetrahedral N interstitial (Ntetra)
formation is suppressed while the near-band edge PL emission intensity is increased, deep-level PL emission intensity is decreased, and
broadening of the photoreflectance resonance is reduced. We discuss the role of the Bi surfactant-induced surface reconstruction transforma-
tion on the suppression of Ntetra incorporation, as well as its impact on key optoelectronic properties that are applicable to a variety of highly
mismatched alloys.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0304729

Dilute nitride semiconductor alloys are attractive for many near- to
mid-IR optoelectronic applications; however, their widespread imple-
mentation has been hindered by non-substitutional N incorporation
that limits optical and transport properties.1–6 For example, in GaAsN, a
non-negligible fraction of N atoms are reported to incorporate non-
substitutionally as (N-N)As and/or (N-As)As split interstitials,

6–9 with
tetrahedral N interstitials, Ntetra, observed above a threshold N composi-
tion,10 which is dependent on heterovalent doping.11

For dilute nitride semiconductors, epitaxy in the presence of sur-
factants, such as Bi, is reported to reduce surface roughness12–14 and
increase N incorporation,9,12 while reducing dopant activation14 and
enhancing photoluminescence (PL) emission intensity.12 In the case of
GaAs1�xNx alloys, a Bi surfactant-induced increase in N concentration
has been attributed in part to enhanced non-substitutional N incorpo-
ration.9 Furthermore, a Bi surfactant-induced long-range chemical
ordering in GaAs1�xNx alloys has been attributed to Bi-enhanced

alignment of dimer rows along the [110] direction.15 However, to date,
the influence of a Bi surfactant on Ntetra incorporation and the result-
ing optoelectronic properties of GaAsN alloys has yet to be reported.

Here, we examine the influence of a Bi surfactant on non-
substitutional N incorporation and the optoelectronic properties of
dilute GaAs1�xNx alloy films. Reflection high-energy electron diffrac-
tion (RHEED) reveals a Bi surfactant-induced transformation of the
growth surface from a (2� 1) to a (3� 1) reconstruction. The result-
ing increase in the ratio of A-type to B-type step edges enhances
the incorporation of N into split interstitials, (N-N)As or (N-As)As
while suppressing their incorporation as Ntetra. For both GaAs1�xNx

and GaAs1�xNx:Bi films, photocurrent spectra reveal transitions asso-
ciated with the GaAs and GaAsN bandgaps, along with a deep level
likely within the GaAsN bandgap. However, in the presence of the Bi
surfactant, the near-band edge PL emission intensity is increased, the
deep-level PL emission intensity is decreased, and broadening of the
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photoreflectance resonance is reduced. We discuss the direct links
between surfactant-mediated epitaxy, Ntetra incorporation, and key
optoelectronic parameters, which are applicable to a variety of highly
mismatched alloys.

For these investigations, epitaxial GaAsN and GaAsN:Bi films
on semi-insulating GaAs (001) substrates were prepared by
molecular-beam epitaxy (MBE), using � 99.99999% pure Ga and
As and � 99.9999% pure Bi. In addition, N plasma was generated
in an Addon RF source operating at high brightness mode (350W)
using � 99.9999% pure N2 flowing at 0.25 sccm. The targeted layer
thicknesses were determined using growth rate calibrations based
upon reflection high-energy electron diffraction (RHEED) oscilla-
tions. Following oxide desorption and growth of a � 500 nm thick
GaAs buffer layer at 580 �C, the substrate temperature was lowered
to 3956 15� and the samples were annealed for 5–10min to
achieve a flat buffer. Subsequently, 4506 50 nm thick GaAsN:Bi
films were grown at a rate of 1.0 lm/h, with and without a Bi flux
of 8.0� 10�9 Torr.

To monitor the influence of the Bi flux on the surface reconstruc-
tion, RHEED patterns were collected during epitaxy [Figs. 1(a)–1(d)].
During GaAsN growth, the surface transforms from the GaAs (2� 4)
to the GaAsN (2� 1) reconstruction [Fig. 1(e)], expected to consist

primarily of [1�1 0]-aligned (A-type) step edges.16 In the presence of a
Bi surfactant, shown in Fig. 1(f), the surface reconstruction further
transforms to GaAsN:Bi (1� 3), expected to increase the ratio of
[110]-aligned (B-type) to [1�1 0]-aligned (A-type) step edges.16,17 For
the A-type step edges in Fig. 1(g), Ga dangling bonds provide opportu-
nities for Ga-N bond formation, allowing the formation of NAs or
Ntetra. On the other hand, for the B-type step edges in Fig. 1(h), arsenic
dangling bonds facilitate the formation of (N-As)As.

9

For both films, the surface morphology was probed using tapping
mode atomic-force microscopy (Veeco Dimension Icon in ScanAsyst
mode) and scanning electron microscopy (LEO-A Zeiss 982 FEG-
SEM). High-resolution x-ray rocking curves were generated using
Cu-Ka1 radiation (Bede D1), with Dx scans collected near the GaAs
(004) and (224) reflections, as described elsewhere.18,19 Assuming
tensile-strained GaAsN films, the residual coherency strains were
determined using a linear interpolation of binary elastic constants and
lattice parameters for zinc blende GaAs and GaN,20,21 along with
NRA-determined N compositions, xN¼ 0.0156 0.003.

Simultaneous NRA and RBS measurements were conducted
using 4.5MeV a ions generated in a 1.7MV General Ionex tandem ion
accelerator, with backscattered a ions and proton yields from
14N(a,p)17O detected by silicon (Si) surface-barrier detectors

FIG. 1. Surface reconstructions and corresponding atomic models: (a) Reflection high-energy electron diffraction patterns for GaAsN [(a) and (b)] and GaAsN:Bi [(c) and (d)],
with downward-pointing arrows indicating the higher order 2� and 3 � reflections in (a) and (d). During GaAsN growth, the (c) (2� 1) reconstruction is expected to contain a
high density of (e) A-type step edges, with Ga dangling bonds that enable substitutional N (NAs) or tetrahedral N interstitial (Ntetra) formation. The (d) Bi-induced (1� 3) surface
reconstruction is expected to contain a high density of (f) B-type step edges, with arsenic dangling bonds that facilitate the formation of (N-As)As split interstitial complexes.

9
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positioned at 170� and 135� relative to the incident beam. RBS and
NRA yields vs particle energy were measured in the [100], [110], and
[111] channels, as well as in random (non-channeling) conditions,
achieved with /¼ 5� away from the channel and rotating the speci-
men 6 5� in h by steps of 0.2�.10 For each film, the ratio of the
channeling to random yields, summed over the top 400 nm, was used
to determine the minimum RBS and NRA yields, vmin;GaAs and vmin;N .
Using the 5-axis goniometer, the angular dependence of RBS and
NRA yields (so-called “angular yield scans”) wase measured at 6 1.5�

in steps of 0.1� about h 110 i rotation axes, in the [100], [111], and
[110] channeling directions. Please see the supplementary material for
more details on the channeling ion beam analysis.

Following deposition of Ti/Pt/Au (7/20/50 nm) contacts using
electron-beam evaporation, room temperature photocurrent spectra
were measured as a function of illumination wavelength using a
Keithley 2400 current source with 5V applied voltage. Sample illumi-
nation was achieved using a 300WXe short-arc lampmonochromated
by a Newport MS257 spectrometer and filtered by order-sorting filters.
A fixed photon flux was maintained using a computer-controlled slit,
and the dark current was subtracted from the data. PR spectra were
measured at 20K using a 532 nm semiconductor laser and a 150W
tungsten–halogen bulb as the pump and probe beam, respectively.
Finally, PL spectra were collected at 20K using a 532 nm continuous-
wave laser at an excitation power of 100 (or 300) mW.

FIG. 2. GaAsN:Bi film composition and morphology: (a) High-resolution Dx scans about the (004) and (224) GaAs for the GaAsN (red) and GaAsN:Bi (blue) films. Analysis of the Dxð004Þ
and Dxð224Þ data reveals residual tensile strains of 0.2260:01%. Scanning electron micrographs and corresponding atomic-force micrographs of the surfaces of (b) GaAsN and (c)
GaAsN:Bi films, with color-scale ranges, D z, of (b) 2.0 and (c) 4.8 nm. For the (c) GaAsN:Bi films, 50-nm-wide surface mounds aligned along the [1�1 0] are identified in the SEM and AFM
images of the GaAsN:Bi surface.

FIG. 3. Angular yield scans collected from the top 400 nm of GaAs (purple), GaAsN (red), and GaAsN:Bi (blue) films: The plots display the backscattered yield (RBS),YGaAs
(open circles), and 14N(a,p)17O yield (NRA), YN (filled squares), vs tilt angle in / about a h110i rotation axis for each of the (a) [100], (b) [110], and (c) [111] channeling direc-
tions. For each angular yield scan, dashed horizontal lines mark the minimum yields, Ymin;GaAs (GaAs) and Ymin;N (GaAsN and GaAsN:Bi), and horizontal arrows mark the half-
width at half depth, W1=2;GaAs. For all channeling directions, well-defined channels, with Ymin;GaAs � 0.14, are observed for the GaAs reference. For the (a) [100] and (c) [111]
channeling directions, well-defined channels and similar Ymin;GaAs and Ymin;N values are observed for both GaAsN and GaAsN:Bi. For the (b) [110] channel, well-defined chan-
nels are apparent for GaAsN:Bi, but increased YN and flux peaking features near /¼6 0.3� for the GaAsN film reveal the presence of tetrahedral N interstitials (Ntetra).
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Figure 2(a) shows a series of high-resolution Dx scans about
(004) GaAs and (224) GaAs for the GaAsN (red) and GaAsN:Bi (blue)
films, along with AFM and SEM images collected from the GaAsN
[Fig. 2(b)] and GaAsN:Bi [Fig. 2(c)] films. In Fig. 2(a), the GaAs sub-
strate peak is set to Dx ¼ 0 arcsec, leading to Dxð004Þ ¼�639611
arcsec and Dxð224Þ ¼�1034620 arcsec for both the GaAsN and
GaAsN:Bi films. Analysis of the Dxð004Þ and Dxð224Þ data reveals resid-
ual tensile strains of 0.2260:01%. For the GaAsN film, the corre-
sponding AFM and SEM micrographs [Fig. 2(b)] reveal smooth,
featureless surfaces, with height variation� 0.2nm. The residual strain
and surface roughness are similar to reported values for MBE-grown
GaAsN films.18 On the other hand, for the GaAsN:Bi film [Fig. 2(c)],
[1�10]-aligned surface “mounds” (� 4.3 nm height, � 50 nm width) are
apparent, similar to an earlier report.15

We now consider the measured minimum yields from RBS and
NRA, provided in the supplemental materials. For the GaAs reference,
vmin;GaAs � 0.05. Similarly, for GaAsN:Bi, vmin;GaAs � 0.106 0.04, indi-
cating minimal displacement of Ga and As atoms from lattice posi-
tions. In addition, for GaAsN:Bi, vmin;N � 0.296 0.05, suggesting that
716 5% of the N has incorporated substitutionally. On the other
hand, for GaAsN grown without a Bi flux, vmin;GaAs ¼ 0.0156 0.07
and vmin;N � 0.366 0.12 in the [100] and [111] channels, with a
significant increase in vmin;GaAs and vmin;N in the [110] channeling
direction, indicating displacement of N and Ga and/or As atoms into
the [110] channel. This observation is consistent with the presence of
both Ntetra as well as Ga and/or As tetrahedral interstitials.

10,22,23

To determine the impact of the Bi surfactant on atomic displace-
ments into the channels, we consider the angular yield scans in Figs.
3(a)–3(c): YGaAs (open circles) and YN (filled squares) as a function of
tilt angle, /, about a h110i rotation axis, for the GaAs (purple), GaAsN
(red), and GaAsN:Bi (blue) films. For GaAs, a minimum in YGaAsð/Þ,
Ymin;GaAs, is observed at 0� where the incident ion beam is aligned
along the [100] [Fig. 3(a)], [110] [Fig. 3(b)], and [111] [Fig. 3(c)] direc-
tions. For each angular yield scan in Fig. 3, the minimum in YNð/Þ,
Ymin;N, is illustrated by dashed horizontal lines; the half-width at half
depth,W1=2;GaAs, is denoted by the horizontal arrow in Fig. 3(b).

For the [100] and [111] channels [Figs. 3(a) and 3(c)], Ymin;GaAs,
Ymin;N, W1=2;GaAs, and W1=2;N are similar for the GaAsN and GaAsN:Bi
films. On the other hand, for both the GaAsN and GaAsN:Bi, Ymin;N >
Ymin;GaAs of the reference GaAs film,10 suggesting the presence of (N-
N)As and (N-As)As. For the [110] channel [Fig. 3(b)], significant
increases in Ymin;GaAs and Ymin;N are apparent for the GaAsN layer rela-
tive to that of the GaAsN:Bi layer, indicating the displacement of Ga
and/or As, as well as N atoms into the [110] channel. For the GaAsN
film, increases in YGaAs and YN within the channel, often termed “flux
peaking” features, are denoted by a downward-pointing arrow at 60:3�

[Fig. 3(b)], indicating the presence of tetrahedral interstitials.24

We now discuss the optoelectronic properties of the GaAsN
films. Figure 4(a) shows room temperature photoconductivity spectra
collected from the GaAsN and GaAsN:Bi films. Transitions at 1.2 and
1.4 eV are attributed to GaAsN:Bi and GaAs bandgaps, respectively,
with the broad peak at 0.85 eV likely due to a deep level in GaAsN.
Figures 4(b) and 4(c) show PR and PL spectra collected at 20K. For
the PR data in Fig. 4(b), the energy and broadening of the resonances
were obtained with an Aspnes fit. For both GaAsN and GaAsN:Bi,
strong resonances at 1.29 eV are apparent. The 70meV difference in
emission and absorption “bandgaps,” or Stokes shift, suggests emission

from localized states within the bandgap. Interestingly, the broadening
parameter is reduced from 26.5meV for GaAsN to 13meV for
GaAsN:Bi, suggesting that Bi has passivated the N-related non-radia-
tive recombination centers.

FIG. 4. Optoelectronic properties of GaAsN (red) and GaAsN:Bi (blue) films: (a)
Photocurrent (room temperature), (b) photoreflectance (20 K), and (c) photolumines-
cence (20 K) spectra. Features associated with the GaAs and GaAsN bandgaps as
well as a deep level in GaAsN are labeled in each plot.
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For the PL data in Fig. 4(c), a broad low-energy emission at
0.85 eV, a wide dip at 1.05 eV, and a sharp emission at 1.22 eV are
observed for both GaAsN and GaAsN:Bi. The low-energy emission
may be due to deep levels associated with AsGa, often reported in GaAs
grown at low temperatures,25–27 or to the presence of N-related deep
levels.27–30 Interestingly, the intensity of the low-energy emission is
reduced in GaAsN:Bi, presumably due to passivation of N-related
deep levels. Meanwhile, the sharp emission at 1.22 eV, which is more
intense in GaAsN:Bi, is likely due to near-band edge recombination of
localized excitons.

In summary, we report on the effect of a Bi surfactant on N incor-
poration mechanisms and the optoelectronic properties of GaAsN films.
During GaAsN epitaxy, the Bi surfactant induces a transformation of
the surface reconstruction, leading to an increase in the ratio of B-type
to A-type step edges that enhances the incorporation of N into split
interstitials, (N-N)As or (N-A)As, while suppressing the formation of tet-
rahedral N interstitials, Ntetra. The Bi surfactant-induced reduction in
Ntetra incorporation into GaAsN occurs simultaneously with improve-
ments in the PL emission efficiency. Thus, this study demonstrates the
key role of surfactants in suppressing the formation of Ntetra in order to
enhance the optoelectronic properties of GaAsN. This approach is likely
to be applicable to a variety of highly mismatched semiconductor alloys,
especially those containing dilute concentrations of N.

See the supplementary material for a description of channeling
ion beam analysis, as well as the RBS and NRA yield vs energy spectra
and the resulting RBS and NRA vmin values in the [100], [110], and
[111] channeling directions.
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