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9 ABSTRACT
10 We have examined the influence of an-incorporating surfactant on chemical ordering in
11 GaAsN:Bi alloys. Epitaxy with a (2x1) réconstruction leads to random GaAsN formation, while
12 the introduction of a Bi flux induces long-range chemical ordering of the {111} planes of
13 GaAsN:Bi. We propose a mechanism in which Bi enhances the formation of dimer rows aligned
14 along the [110] direction, facilitating N incorporation beneath surface dimers and Bi incorporation
15  between dimer rows to form alternating N-rich and Bi-rich {111} planes. These findings suggest
16  aroute to tailoring the local atomic environment of N and Bi atoms in a wide range of emerging
17  dilute nitride-bismide alloys.
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semiconductors,>* emerging dilute nitride-bismide alloys are attractive for optoelectronic devices
operating in the near- to mid-infrared wavelength range. For example, the co-incorporation of N
and Bi in InGaAs is predicted to enable solar cells that exceed the record performance of high-
efficiency multi-junction photovoltaic cells.* In addition, the Bi‘enhanced ‘spin-orbit splitting
energy, combined with the N-induced lowering of the conduction band edge, is predicted to reduce
Auger recombination in laser diodes, enabling temperature-insensitive operation.>® However, for
dilute nitride alloys, able carrier transport properties’ and optical efficiencies® are only achieved
following modifications to the local N atomic configurations via thermal annealing. In addition,
for dilute bismide alloys, inhomogeneous broadening of spontaneous emission and modal gain
spectra has been attributed to variations‘in-the local Bi atomic configuration.”!'*!! To date, an
approach for long-range control of the local-atomic configurations of N or Bi has yet to be reported.
Here, we identify the influence of an‘incerporating surfactant on long-range atomic configurations
in GaAsN:Bi, namely, long-range chemical ordering of the {111} planes. These findings suggest
a route for tailoring local'atomic environments in a wide range of emerging dilute nitride-bismide
alloys and heterostructure devices.

Epitaxial GaAsN:Bi films were grown via nucleation and growth of two-dimensional (2D)
islands (i.e/ layer-by-layer mode) on semi-insulating (001) GaAs substrates by molecular-beam
epitaxy (MBE), as‘described elsewhere.'? Following oxide desorption and the growth of a 500 nm
thick GaAs buffer layer at 580°C, the substrate temperature was held at 580°C for 5 minutes,
lowered to the GaAsN:Bi growth temperature, Tcaasn:si, and held at Tcaasn:si for another 5 minutes.
A ‘series of films with a range of N and Bi fractions were achieved by varying the Bi beam

equivalent pressure (BEP) from 0 to 1.2x107 Torr (with Tcaasy = 410°C and Tgaasn:Bi = 380°C),
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achieved by varying Tcaasn:si from 380°C to 260°C (with Bi BEP fixed at 5.7x10® Torr), which
we will refer to as the “T-series”. The T-series consists of a multilayer structure with four 400 nm
GaAsN:Bi layers, each separated by 100 nm GaAs spacers. The GaAsN:Bi layers were grown in
order of decreasing temperature, with a temperature ramp coinciding with the growth of each
intervening GaAs spacer.

To monitor the influence of Bi flux and substrate temperature.on surface reconstruction,
reflection high-energy electron diffraction (RHEED) patterns were collected prior to and during
epitaxy. For all films, streaky (2x4) patterns [Figs. I(a) and 1(b)] were observed during the GaAs
buffer layer growth; the pattern transitioned to-a streaky c(4x4) [Figs. 1(c) and 1(d)] during the 5
minute anneal at TcaasN:Bi. For Tcaasn:si <340°C. a streaky (1x3) pattern [Figs. 1(e) and 1(f)] was
observed, consistent with earlier reports for GaAsBi.'> For Tcaasnsi > 340°C, a streaky (2x1)
pattern'* was instead observed [Figs.'l(g) and 1(h)]. For the Bi flux series, with Tgaasn:i = 380°C,
streaky (1x3), streaky (2x1), and spotty (3x3) patterns were observed for the low, intermediate,
and high Bi flux values, respectively. For GaAsN growth without a Bi flux, a streaky (2x1) pattern
was observed [Figs. 1(k) and L(I)].

Following epitaxy, the surface morphologies and compositions were examined using atomic-
force microscopy.(AFM) and/or scanning electron microscopy (SEM), Rutherford backscattering
spectrometry,-high-resolution x-ray diffraction, and transmission electron microscopy (TEM), as
described in the supplemental materials [link to be inserted]. For the Bi flux series, a set of (004)
x-ray rocking curves and corresponding AFM or SEM images, with Bi flux values increasing from
bottom to top, are shown in Fig. 2. In Fig. 2(a), Bi-flux-dependent shifts of the GaAsN:Bi peaks

from the high to the low angle side of the GaAs peak indicate tensile and compressive films,
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fringes 1°

which are associated with planar surfaces and well-defined epilayer-substrate
interfaces.!>!%17 For the lowest Bi flux, low-amplitude (2nm) periodic (wavelength = 40 nm)
surface features [Fig. 2(c)] and correspondingly weak Pendellésung fringes are apparent. For
GaAsN films and intermediate Bi fluxes, featureless surfaces, with RMS roughness <0.5nm, are
apparent. Since the Pendellosung fringes are most prominent for intermediate Bi fluxes, we

hypothesize that Bi acts as a surfactant,'®°

enhancing layer-by-layer growth. For the intermediate
Bi fluxes, layer-by-layer growth is also suggested by the streaky RHEED patterns [Figs. 1(g) and
1(h)]. For the highest Bi flux, a significantly broadened epilayer peak is observed, likely related to
the presence of surface droplets and islands, as'shown i Fig. 2(f).

We now focus on the intermediate Biflux (ypi = 0.020 and ysi = 0.049) layers with prominent
Pendelldsung fringes, which we term the tensile and compressive GaAsN:Bi layers. In Fig. 3, we
present ®-20 x-ray diffraction about the /5(115) reflections for the (a) tensile and (b) compressive
GaAsN:Bi layers. The presence of the ¥2(115) reflection, which is a forbidden reflection for the
zincblende (ZB) lattice, indicates the formation of a superstructure along the [115] direction, likely
related to long-range erdering of (111) planes.?’ We use the diffraction peak broadening to
estimate ordered domain sizes of 6 nm and 5 nm along the <115> directions for the tensile and
compressive GaAsN:Bi layers.??! Similar sizes of ordered domain have been reported for GalnP
alloys/grown in_the layer-by-layer mode on nominally flat (001) GaAs substrates.?’ On the other
hand; ordered domain sizes >100 nm have been reported for GalnP grown in step-flow mode on
6°(11.1)B offcut substrates.??

Further quantification of chemical ordering is obtained from selected-area diffraction (SAD)

patterns for the compressive GaAsN:Bi layer. For the [110] SAD pattern shown in Fig. 3(c), {002},
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Ya(115) [Ya(111), ¥4(113), and Y4(115)] superstructure reflections, indicating long-range ordering
on {111}B planes, i.e. CuPts ordering,* are apparent. Additional [110] SAD patterns showed only
the allowed ZB reflections, indicating the absence of long-range ordering on the {111}A planes,
i.e. a lack of CuPta ordering. This observation of CuPts ordering without CuPta ordering is
consistent with earlier reports on GaAsBi alloys.*?*> Assuming that-the elongation of the ¥2(115)
superstructure reflections along [001] is inversely proportional te the size of the ordered domains,?!
we estimate domain sizes of 1 - 2 nm along the <001> directions for both the tensile and
compressive quaternary layers. For ordered GaAsBi on 2° (111)B offcut GaAs (001),** our
analysis yields larger domains, ~ 3 —4 nm, presumably due to the enhancement of ordered domain
growth facilitated by the B-type?® step-edges.*’

For the T-series, AFM of the lowest-T layer (i.e. the top surface), shown in the supplemental
materials, [link to be inserted] reveals rms roughness <0.5 nm, suggesting layer-by-layer growth
throughout the structure. In the high-angle annular dark field (HAADF) scanning TEM (STEM)
images in Fig. 4(a), GaAsN:Bi layers are visible as bright layers separated by darker GaAs spacers.
For each GaAsN:Bi layer in Fig. 4(a), [110] SAD patterns are shown in Fig. 4(b)-4(e), where
diffraction spots-for {002}, {111}, and {220} are marked with closed circles, open circles, and
triangles, respectively. For Tcaasn:ei = 260°C and 300°C, the [110] SAD patterns show only ZB
reflections. For. TGaasn:si > 340°C, superstructure reflections appear in the '4(111) and Y5(111)
positions;.as indicated by arrows in Figs. 4(d) and 4(e), consistent with the presence of CuPts
ordering.® Additional [110] SAD patterns show only ZB reflections, indicating a lack of CuPta

ordering.
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space. In Fig. 5(a), we show a [110] cross-sectional HAADF STEM image collected near the
interface between GaAs and ordered GaAsN:Bi. In Fig. 5(a), the cyan and magenta arrows indicate
example (111) and (111) planes with doubled periodicity in the [111] and [111] directions. To
determine the ordered domain variants and size distributions, we considered several HAADF
STEM images, spanning an area >4000 nm?. For each HAADE STEM image, fast Fourier
transforms (FFTs) reveal spots due to the ZB lattice and spots at the %(111) and '(111) positions,
indicating doubled periodicities in the [111] and [111] directions; We selected each conjugate pair
of 14(111) and "4(111) spots, circled in cyan and magenta, respectively, in Fig. 5(b), and performed
inverse FFTs to emphasize the (111) and (111) ordeted domains. For each resulting Fourier-
filtered image, we included pixels near the top-(18 = 6%) and bottom (18 + 7%) of the total
grayscale range, with thresholds selected to exclude GaAs regions. In the example Fourier-filtered
image shown in Fig. 5(c), both-domain types are narrowed in the [001] direction and elongated
along the [110] direction, consistent with the [001] elongation of the Y»(111) and "4(111)
reflections shown in Fig. 3(¢c), Fig. 4(d), and Fig. 4(e). Figure 5(d) shows a logarithmic-normal
(lognormal) fit to the demain size distribution, which yields a median domain size of 1.81 + 0.01
nm?. Using this Feurier-filtering analysis, we analyzed the high-resolution TEM image of ordered
GaAsBi ftom Fig. 4 in Ref. 25 and observed similarly-shaped domains; a lognormal fit in that case
yields/a median.démain size of 1.8 + 0.1 nm?. Both lognormal size distributions are consistent with
a /domain-nucleation and growth process without significant coarsening,?® as expected for a
surface-driven process.

The appearance of both (111) and (111) domains on the nominally flat substrates is likely

related to the growth mode. During layer-by-layer growth, step propagation proceeds away from
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when adjacent islands merge, limiting the lateral size of each. In contrast, on surfaces with offcuts
toward (111)B, step-flow growth occurs along the B-type step edges; i.e. the [110] or [110]
directions, leading to the formation of large single-variant domains.?’

In Fig. 6, the surface reconstructions for ordered and disordered GaAsN:Bi alloys are shown
on a plot of Bi BEP vs Tcaasn:si. The dashed lines are guides to the eye; enclosing a window in
which both a (2x1) reconstruction and CuPt ordering are observed. Above the window, a spotty
(3x3) reconstruction, with Bi incorporated into surface droplets, shown in Fig. 2(g), is observed.
Below the window, disordered alloys are observed, including GaAsN and GaAsN:Bi layers grown
with (2x1) and (1x3) reconstructions, respectively. Interestingly, for GaAsN growth with a (2x1)
reconstruction, but without a Bi flux, ordering is not observed. Therefore, it is likely the GaAsN
(2x1) lacks sufficient dimer alignment for ordering;?’ however, in the presence of an incorporating
surfactant, Bi, the alignment of dimertows is enhanced. Indeed, the well-defined 2x pattern
observed in the (2x1) pattern for GaAsN:Bi films (Fig. 1(g) and 1(h)) compared to that of GaAsN
films (Fig. 1(k) and 1(1)) supports this hypothesis.

We now present an.atomistic mechanism for chemical ordering in GaAsN:Bi. For GaAsN:Bi,
we recently reported that up to 30% of N atoms incorporate non-substitutionally, predominantly
in the form of (N-As)as complexes.!? Thus, the group V sublattice may be occupied by As, Bi,
substitutional ‘N, or (N-As)as. Due to its relatively high concentration (xas > 0.92), arsenic is
necessarily incorporated both between and beneath dimer rows. Thus, we hypothesize that the
largest species, Bi, is primarily incorporated between dimer rows due to local tensile strain, while
the smallest species, N, tends to incorporate beneath dimer rows due to local compressive

strain,?”-?’ forming a monolayer superlattice consisting of alternating Bi-rich and N-rich (111)
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are highlighted in blue. In addition, a significant portion of the N atoms would share sites with As
as (N-As)as complexes.!? Further work is required to determine whether these complexes are
incorporated between or beneath the dimer rows.

In summary, we have examined the influence of an incorpofating surfactant on chemical
ordering of GaAsN:Bi during MBE. We show that CuPt orderingis tied to the presence of both
the incorporating surfactant, Bi, and a (2x1) surface reconstruction. We propose a modified dimer-
induced strain mechanism in which Bi enhances the formation of dimer rows aligned along the
[110] direction, thereby facilitating N incorporation beneath surface dimers and Bi incorporation
between dimer rows to form alternating N-rich-and Bi-tich {111} planes. The ordered GaAsN:Bi
consists of intersecting (111) and (111) ordered domains with a lognormal size distribution,
consistent with domain formation at surface steps without subsequent coarsening. These findings
suggest a route for tailoring local atomie environments through long-range chemical ordering in a

wide range of emerging dilute nitride-bismide alloys and heterostructure devices.

SUPPLEMENTALMATERIALS

See the supplemental materials for details of the characterization methods.
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FIGURE CAPTIONS

FIG. 1. Reflection high-energy electron diffraction patterns collected during epitaxy of GaAsN:Bi.
Patterns are shown along the [110] and [110] directions in [(a), (b)], [(e), (D], [(g), (W], [(D), ()],
and [(k), (I)] and along the [100] and [010] directions.in [(C), (d)]. [(a), (b)] streaky (2x4) pattern
during GaAs growth at 580°C; [(c), (d)] streaky.c(4x4) pattern during annealing at TcaasN:Bi; [(€),
()] streaky (1x3) pattern during GaAsN:Bi-growth at low Tcaasn:si or low Bi beam equivalent
pressure (BEP) values; [(g), (h)] streaky«(2x1) pattern during GaAsN:Bi growth at higher TGaasN:Bi
and moderate Bi BEP values; [(1), (j)] spotty (3x3) pattern during GaAsN:Bi growth with the

highest Bi BEP values. [(k), (1)] nearly-streaky (2x1) pattern during GaAsN growth.

FIG. 2: Plot of x-ray intensity.versus Ao for rocking curves about the GaAs (004) reflection for
the Bi flux series, in order of increasing Bi flux from bottom to top. For all plots, the GaAs substrate
peak is setfo Aw = 0 arcseconds; the Bi fraction, ysi, and N fraction, xn, are displayed above each
curvey and corresponding atomic-force microscopy (AFM) or scanning-electron microscopy
(SEM) images are shown on the right. For the AFM images, the colorscale ranges displayed are
(b) 2um, (¢) 3 nm, (d) 2 nm, and (e¢) 3 nm. For the SEM image in (f), a corresponding energy-
dispersive x-ray spectroscopy image is shown in (g), with the blue regions consisting primarily of

Bi and the mottled red-green region containing Ga, As, and N.
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2 FIG. 3: Plots of x-ray intensity for o-20 scans about the GaAsN:Bi % (115) reflections for (a)
3 tensile and (b) compressive GaAsN:Bi films. The presence of the % (115) reflection suggests
4 ordering of the (111) planes. (c) representative [110] selected-area diffraction (SAD) pattern for
5 the compressive GaAsN:Bi in (b), showing Y4(111), ¥2(113), and‘}4(115) [Y4(111), ¥5(113), and
6  Y(115)] reflections, indicating long-range ordering on (111) [(111)] planes. Additional [110] SAD
7  patterns showed only ZB reflections, indicating an absence of long-range ordering on the {111}A
8 planes. Similar SAD patterns were obtained for the tensile GaAsN:Bi.
9
10  FIG. 4: (a) High-angle annular dark field scanning transmission electron micrograph of the T-
11  series, with alternating bright and dark layers censisting of GaAsN:Bi and GaAs, respectively.
12 Selected-area diffraction patterns collected along the [110] zone axis for Tcaasn:i = 260°C, 300°C,
13 340°C, and 380°C are shown in(b) — (¢), tespectively. The diffraction spots for {002}, {111}, and
14 {220} are identified by closed circles, open circles, and triangles, respectively. Arrows in (d) and
15  (e) indicate 4(111) and "4(111) reflections corresponding to CuPts ordering.
16
17  FIG. 5: (a) High-resolution scanning transmission electron micrograph, collected near an interface
18  between GaAs andordered GaAsN:Bi. The magenta and cyan arrows in (a) indicate example (111)
19  and (111) planes with doubled periodicity in the [111] and [111] directions, i.e. (111) and (111)
20 ordered demains. (b) Fast Fourier transform (FFT) of the image in (a), showing spots
21 < corresponding to the zincblende lattice and those at the Y»(111) and Y»(111) positions. Inverse
22 FETs, using the spots circled in (b), with pixels near the top (18 + 6%) and bottom (18 = 7%) of
23 the total grayscale range, are shown in (c), with magenta and cyan regions representing the (111)

10
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Publishiag (111) ordered domains. For both the (I11) and (111) ordered domains, the distribution of

2 domain sizes, fit with a logarithmic-normal (lognormal) distribution, is shown in (d).

4 FIG. 6: Window for CuPts ordering in GaAsN:Bi: Bi beam equivalent pfessure (BEP) vs TGaasN:Bi.
5 (1x3), (3x3), and (2x1) surface reconstructions are represented by squares, circles, and diamonds,
6  respectively. Solid (open) symbols denote ordered (disordered) films, The dashed lines are a guide

7  to the eye.

9  FIG. 7: Proposed atomistic mechanism for CuPts ordering. White, gray, green, blue, and red circles
10  correspond to surface dimer, Ga, As, N, and Bi-atoms, tespectively. N and Bi atoms attach at step
11 edges flowing in the [110] ([110]) direction, leading to alternating N-rich/Bi-poor and N-poor/Bi-
12 rich (111) [(111)] planes, highlighted by blue and red bars respectively. A fraction of N atoms
13 share As lattice sites as (N-As)as complexes.
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