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Abstract

Control over the distribution of dopants in nanowires is essential for regulating their electronic
properties, but perturbations in nanowire microstructure may affect doping. Conversely, dopants
may be used to control nanowire microstructure including the generation of twinning
superlattices (TSLs)—periodic arrays of twin planes. Here the spatial distribution of Be dopants
in a GaAs nanowire with a TSL is investigated using atom probe tomography. Homogeneous
dopant distributions in both the radial and axial directions are observed, indicating a decoupling
of the dopant distribution from the nanowire microstructure. Although the dopant distribution is
microscopically homogenous, radial distribution function analysis discovered that 1% of the Be
atoms occur in substitutional-interstitial pairs. The pairing confirms theoretical predictions based

on the low defect formation energy. These findings indicate that using dopants to engineer
microstructure does not necessarily imply that the dopant distribution is non-uniform.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor nanowires of controlled size, shape, and
crystal structure exhibit unique properties that are not acces-
sible by conventional bulk and thin film growth methods
[1-3], and are therefore a promising platform for advances in
computation [4, 5], communication [6, 7], and energy con-
version [8], among other applications. The vapor-liquid—solid
(VLS) growth process [9, 10], in which a liquid droplet
promotes the transfer of vapor-phase precursors into the solid
nanowire, enables precise control of the nanowire diameter by
controlling the droplet size [11]. In compound
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semiconductors such as group III-As and III-Sb materials,
variations in the III/V ratio enable further control of faceting
and the growth of wurtzite phase material, in addition to the
bulk-stable zincblende phase [1, 12]. The ability to selectively
grow wurtzite and zincblende phases, which have equivalent
compositions but distinct electronic band structures, creates
the opportunity to realize novel homojunctions [13-15].
Optimization of devices based on single phases or junctions
between phases requires deterministic control of altered
atomic stacking sequences and suppression of random
stacking fault formation, which degrades charge carrier
mobilities and lifetimes.

The introduction of dopants during III-V nanowire
growth modifies the interfacial energies in the VLS droplet
and can be used to suppress stacking fault formation [16, 17]
or selectively grow zincblende and wurtzite phases [18] by
modifying nucleation of crystal planes perpendicular to the

© 2023 The Author(s). Published by IOP Publishing Ltd
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growth direction [19]. Furthermore, careful tuning of growth
conditions and doping enables the growth of twinning
superlattices (TSLs) consisting of periodic arrays of stacking
faults [18, 20-24]. TSLs have been explored for applications
in thermoelectrics [21] and optoelectronics [22, 23], where
they provide an additional degree of freedom in engineering
electronic and phononic band structure. While clear correla-
tions have been established between doping and changes in
microstructure, the understanding of the dopant distribution in
TSLs is rather limited. Because twinning modifies the surface
faceting of nanowires, it is likely to impact the dopant dis-
tribution in nanowires for which surface accumulation
[25, 26] and facet segregation [27, 28] have been observed.
Indeed, scanning microwave impedance microscopy of GaAs
nanowires with TSLs detected charge carrier accumulation
coinciding with twin planes [24] suggesting the possibility of
correlated segregation of dopants to twins or regions asso-
ciated with twins. Such variations in doping produce sub-
stantial perturbations of the electronic properties and are in
general undesirable. Hence, it is important to understand
whether the deterministic growth of TSLs with a uniform
dopant distribution is possible.

Here we report the distribution of Be dopants in VLS-
grown GaAs nanowires with TSLs using atom probe tomo-
graphy (APT). TSL nanowires have average Be concentra-
tions of ~1-2 x 10190m73, and the dopants are distributed
homogeneously in both the radial and axial directions, indi-
cating a decoupling of the dopant spatial distribution from the
perturbations in microstructure. There is no evidence for
periodic modulation of the dopant concentration, and no
evidence of dopant segregation or clustering. Intriguingly, we
find that ~1% of Be atoms are found paired with another Be
atom. The measured Be-Be radial distribution function
(RDFs) is consistent with prior theoretical calculations [29]
that predict formation of substitutional-interstitial pairs of Be
dopants in GaAs. Our finding also agrees with a prior report
of a defect complex including a Be interstitial in Be-doped
GaAs nanowires characterized with Raman spectroscopy
[30]. Due to their low abundance, the dopant pairs will not
significantly impact the electronic properties of the
nanowires.

2. Experimental methods

GaAs nanowires were grown on (111) Si substrates by
molecular beam epitaxy using the selective-area, self-assisted,
VLS process as described previously [20]. Selective-area
epitaxy of the nanowires was achieved using a silicon oxide
mask patterned by electron beam lithography into an array of
holes with 360 nm pitch. Be doping was introduced in a self-
catalyzed VLS growth process driven by a Ga droplet at the
nanowire tip. The V/II flux ratio was decreased con-
comitantly with the onset of Be doping to increase the Ga
droplet size during growth of the TSL region. The TSL was
grown for a duration of 30 min by introducing Be dopant flux
corresponding to a thin film carrier concentration of
10*° cm 3. The nanowire growth temperature was 510 °C and

V/II flux ratio was 0.5. Scanning electron microscopy
(SEM) was performed with an FEI 400 ACE, and transmis-
sion electron microscopy (TEM) was performed with a JEOL
2010F TEM with 200 kV.

APT samples were prepared by scraping a TEM grid
across the growth substrate to mount nanowires on the grid as
shown in figure S1. The nanowires are then individually
mounted on tungsten wires with the TSL end of the nanowire
pointing away from the wire. FIB milling was performed
using an FEI Helios dual-beam focused ion-beam (FIB)
microscope to sharpen the top of the nanowires into tips with
diameters ~50 nm which are required to run in APT. To
maintain uniform radial milling, the samples were tilted 7
degrees off axis of the ion beam and milled in 60 degree
rotational increments with each facet of the wire being
exposed equally to the beam. Final cleaning and sharpening
of the tips were performed head on to the ion beam and at
lower energies to remove any regions of Ga implantation and
avoid any further implantation into the samples.

APT was done using a local-electrode atom-probe
(LEAP) 5000 XS (Cameca, Madison, WI). The samples were
run at a temperature of 30 K and a background pressure of
5 x 107" Torr. A 355nm ultraviolet laser was used to
evaporate the sample at a pulse rate of 250 kHz and pulse
energy of 0.8 pJ.

IVAS 3.8.6 was used to reconstruct the APT data and
provide the atomic spatial distribution information. Spacing
between Ga atoms corresponding to (111) planes was
observed in the center of the reconstructions and the image
compression factor of the reconstructions were adjusted so
that this spacing corresponded with the theoretical spacing
between (111) planes.

3. Results and discussion

A representative SEM image of the nanowires on the sub-
strate is shown in figure 1(a). Figure 1(b) shows a repre-
sentative TEM image of a nanowire after removal from the
growth substrate and mounting on a copper grid. The small
perturbations of the nanowire facets visible in figure 1(a) are
associated with the twinning observed in figure 1(b), indi-
cating that the zincblende twins occur at a regular interval of
20-25 nm.

An APT analysis run in which 23.8 million ions were
collected resulted in the mass spectrum and sample recon-
struction in figures 1(c) and (d), respectively. Be" and Be*"
peaks are observed at 9.0 Da and 4.5 Da, respectively as
shown in figure 1(c), inset. The average Be concentration in
the reconstructed volume is 1.5 x 10" cm ™3, which is con-
sistent with concentration measurements of 1.7 x 10" cm ™
and 1.8 x 10" cm ™ in two additional nanowires analyzed by
APT. The measured Be concentration is lower than the dopant
concentration of 10°° cm ™ that would result if all atoms in
the Be and Ga fluxes were directly incorporated into the
nanowire. This difference may indicate a saturation of Be
dopant incorporation as was previously observed in self-cat-
alyzed GaAs nanowires [17]. The majority of other ions
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Figure 1. (a) SEM image of Be-doped GaAs nanowires, showing perturbations to the sidewall facets below the Ga droplet. (b) TEM image
near the top of the nanowire showing the TSL. (c) The mass spectrum of the sample evaporated in APT showing major peaks related to Ga
and As ions in addition to the Be dopant peaks (inset). (d) The corresponding reconstruction of the evaporated sample with a fraction of Be
and Ga ions displayed. The blue trapezoid in the inset schematic shows the location of the region analyzed in APT relative to the nanowire

structure.

detected in the APT measurement are attributable to atomic
and molecular ions of either Ga or As. Because the fraction of
As ions detected in pulsed-laser APT varies sensitively with
analysis conditions [31], the Be concentration in a given
volume is calculated as the number of Be atoms divided by
twice the number of Ga atoms assuming equivalent detection
efficiencies for Be and Ga. This is a reasonable assumption
because evaporation of both species is dominated by single
ions without evidence of correlated evaporation. The three-
dimensional reconstruction of the analyzed region shown in
figure 1(d) was generated using commercial software (IVAS
3.8.6, Cameca, Madison, WI). Be atoms are observed
throughout the reconstructed volume with no obvious varia-
tions in concentration. The tapered shape of the reconstruction
reflects the shape of the sharpened sample after FIB proces-
sing (blue trapezoid in figure 1(d) schematic), rather than the
shape of the as-grown nanowire. The approximate location of
the reconstructed region, centered on the TSL region of
interest, is illustrated in the inset schematics.

To quantitatively analyze variations in Be concentration
that might reveal correlations with the TSL, one-dimensional
composition profiles along the growth axis were extracted as
shown in figure 2(a). The Be concentration, averaged across
the nanowire diameter, decreases from ~2.0 X 10" to
~1.3 x 10" cm ™ over a distance of 170 nm. To isolate any
rapid variations in Be concentration, the slow variation in
average composition was fit empirically with a quadratic
polynomial function, which was subtracted from the original
data. Figure 2(b) shows the resulting variations plotted in

terms of the local change in composition, with points in blue
and red showing differences exceeding one standard varia-
tion. No periodic variations in the Be concentration are
observed on the length scale of the twin spacing (20-25 nm).
Hence, we conclude that Be can be used to induce TSL for-
mation without creating associated variations in dopant den-
sity that would introduce unwanted variations in carrier
concentration and electric fields.

Because radial variations in dopant concentration have
been reported in nanowires grown by a VLS process [28, 32],
figure 2(c) plots the Be concentration perpendicular to the
growth direction. The concentration values at each position
represent an average over the depth of entirety of the recon-
struction. The diameter shown in figure 2(c) is smaller than
the diameter of the reconstruction in figure 1(d) to exclude
regions with insufficient counts to report reliable dopant
concentrations. We observe no systematic variations in Be
concentration across the reconstruction, though as a caveat,
the reconstruction does not include the surface of the nano-
wire, which was milled during sample preparation to create a
sufficiently sharp tip. The magnitude of the fluctuations are
comparable to those observed in figure 2(b) and are attributed
to counting statistics.

The analysis above demonstrates that the dopant con-
centration is homogeneous on the length scale of a few to tens
of nanometers, and that observed fluctuations are consistent
with a random dopant distribution. Provided that the Be is
incorporated substitutionally on Ga sites, the carrier con-
centration will also be uniform. However, given the relatively
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Figure 2. (a) The Be concentration in the TSL region as a function of depth, moving towards the bottom of the nanowire. The detection limit
is given by the gray line. The dashed red line shows an empirical fit that captures gradual variations in the average concentration. (b) Local
variations in Be concentration relative to the empirical fit shown in (a). Blue and red points represent fluctuations greater than one standard
deviation from the average background. (c) Two-dimensional plot of the radial Be concentration averaged over the depth of the

reconstruction (~170 nm). The lower limit of the color bar is the Be detection limit. The schematics show the approximate location of the

region captured in APT analysis.

high dopant concentration used to induce the perturbations in
twinning, it is important to consider the finite solubility of Be
in Ga and whether the dopants are in fact incorporated on
active sites. Spectroscopic signatures of Be dopant pairing
have been reported for both Si [33] and GaAs [30]. Further-
more, first principles calculations predict that the formation of
pairs of Be atoms in substitutional and interstitial sites
(Be—Beg,) with a net positive charge is energetically favor-
able in GaAs [29]. Although APT does not generally achieve
the necessary spatial resolution to distinguish between sub-
stitutional and interstitial sites, it is feasible to analyze the
atomic scale distribution of Be atoms to look for evidence of
excess pairing that is theoretically predicted.

Towards this end, the Be-Be RDFs was generated and
plotted in figure 3. The RDF plots the relative likelihood of
encountering a Be atom at a given radial distance given the
presence of a Be atom at zero nm; a value of 1 represents the
likelihood relative to the average concentration of the matrix.
Normalized RDFs are generated using the formula

_ N N
RDF = &3 |

distance to atoms of species i is determined. The quantity of
species i within a particular radius of species j is divided by
the total number of all species within that radius and nor-
malized by the average concentration of species i throughout
the sample. Deviations from unity indicate deviations from a
random distribution of atoms. The RDF was generated using
ions within a 15 nm radius of the center of the reconstruction
because the region near the (111) crystallographic pole

where j is the species with which the

[ Observed
—F— Random (Sim)

(6]
T

Relative Probability
N w N

-

2
Distance (nm)

3

Figure 3. The Be-Be RDF for the 15 nm radial region in the center
of the reconstruction. A floor function is applied to the values in the
RDF so that each bar includes 0.1 nm worth of data. The black line is
the mean value of the simulations of random Be substitution-only
RDFs. The error bars encapsulate one standard deviation worth of
the simulation data. The inset is a schematic of the GaAs unit cell
with the structure of the Be—Beg, pair with the distance between the
substitutional and interstitial sites shown.

exhibits a higher local order than the outer portions of the
reconstruction, as shown in figure S2; such poles have been
found to maintain more pairing information in RDFs [34]. A
significant excess in Be is observed at a distance of 0.23 nm,
i.e. there are many more pairs of Be atoms ~0.23 nm apart
than would be expected in a random distribution. A similar
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excess at ~0.2nm was observed in two additional APT
reconstructions shown in figure S3. Furthermore, there is an
associated deficit at ~0.4 nm, as expected if nearby Be atoms
experience attractive interactions that drive pairing. We note
that, given the average Be spacing of 4.1 nm, reconstruction
of the surface lattice would not induce sufficient changes in
atomic positions to produce the observed peak. The frequency
distribution analysis shown in table S1 also shows an excess
of voxels containing two Be atoms. We attribute the observed
excess to the presence of pairs of Be atoms, such as inter-
stitial-substitutional pairs (Be—Beg,), that have a low for-
mation energy [29]. While the resolution of the RDF is, by
inspection, sufficient to resolve the excess and deficit at
~0.23 and ~0.4 nm, respectively, the accuracy of the peak
position is not sufficient to distinguish between distinct defect
complexes involving substitutional and interstitial Be.

To confirm the statistical significance of the RDF peak,
we compare the observed RDF with a simulated RDF,
represented by the black line and data points in figure 3. The
simulated RDF was generated by taking the distribution of Ga
atoms in the APT reconstruction and randomly substituting
Be atoms to achieve the measured average concentration. We
use the Ga atom positions from the APT reconstruction, rather
than a perfect lattice, to ensure that any non-ideal variations in
local density are represented in the control distribution. For
each random configuration of Be substituted on Ga sites, an
RDF was calculated, and the process was repeated 180 times
to obtain the average RDF and standard deviation for each bin
in the distribution. The observed Be excess and deficit sig-
nificantly exceed the standard deviation of the random dis-
tribution. For context, we note that the pairing of 1% of the
Be dopants is sufficient to produce the observed excess. The
impact on carrier concentration is therefore negligible since
the majority of Be are likely to be on isolated substitutional
sites. Given that migration of Be interstitials is believed to be
responsible for the high diffusivity of Be in GaAs [35, 36],
the observed uniformity of doping on the nanometer to tens of
nanometer scale is perhaps not surprising.

4. Conclusion

In summary, the distribution of Be dopants in GaAs nano-
wires within regions of TSLs was analyzed by APT. Small
variations in dopant concentration were observed along the
growth direction, and the doping in the center of the nano-
wires was radially uniform. There are no correlations between
dopant concentration and twins, indicating that Be doping can
be used to create microstructure without creating perturba-
tions in carrier concentration or electric field. A predicted
pairing of Be atoms was observed that is attributed to the low
formation energy of substitutional-interstitial pairs. Be-Be
pairing in GaAs has not been previously observed, nor has
dopant pairing been previously reported in nanowire
materials.
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