PHYSICAL REVIEW MATERIALS 8, 076002 (2024)

Spatial dependence of dopant incorporation and electrical transport
in Si-doped GaAs(Sb) nanowires

T. Schreitmiiller ®,! D. Kumar Saluja,' C. E. Mead ®,> M. Ramsteiner©,> H. W. Jeong ®,! H. Esmaielpour®,! C. Huang,>

D. Ruhstorfer,' J. J. Finley,' L. J. Lauhon®,? and G. Koblmiiller®'-"

"Walter Schottky Institute and Physics Department, School of Natural Sciences, Technical University of Munich, 85748 Garching, Germany

2Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois 60208, USA

3 Paul-Drude-Institut fiir Festkorperelektronik, Leibniz-Institut im Forschungsverbund Berlin e.V., 10117 Berlin, Germany

® (Received 10 April 2024; accepted 17 June 2024; published 15 July 2024)

Silicon (Si) impurities are among the most widely used dopants in GaAs-based electronic and optoelectronic
materials, including low-dimensional systems such as nanowires (NWs). Undesired p-type conduction is often
observed in Si-doped GaAs NWs due to the amphoteric nature of Si, but can be mitigated by proper catalyst-free,
vapor-solid growth processes. Yet, the intriguing dynamics of Si dopant incorporation and spatial distribution
within the NW structure are largely unknown, which are key to understanding the resulting electrical activity on
a local scale. Here, we correlate the spatial distribution of Si dopants with the electrical transport characteristics
of catalyst-free, selective-area grown GaAs(Sb) NWs. Through a combination of atom probe tomography,
resonant Raman scattering, and single-NW field effect transistor measurements, spatial nonuniformities in
Si concentration are revealed in both the axial and the radial directions. Si dopant gradients induced by the
highly nonlinear growth rate along the NW axis result in varying rectifying current-voltage (/-V') characteristics
with decreased conductivity (lower Si concentration) towards the NW tip. Surface segregation further leads
to increased Si concentrations (up to ~10%° cm~>) on the surface of the GaAs(Sb) sidewalls, generating a
thin parasitic region of high p-type conductivity. Finally, removal of the Si-enriched p-type surface region is
demonstrated by controlled wet chemical etching in citric acid, revealing the intended n-type conduction of the

bulk region of the NW.
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I. INTRODUCTION

Over the years, freestanding III-V semiconductor
nanowires have emerged as a promising material platform for
a variety of nanoscale device applications due to their unique
one-dimensional (1D) geometry and associated freedom in
heterostructure engineering [1]. They form an integral part
of electronic and optoelectronic devices including advanced
NW field-effect transistors (NW-FET) [2-4], NW-based
light-emitting diodes and lasers [5-8], and next-generation
solar cells [9,10] and photodetectors [11,12], in which
accurate doping control is mandatory to enable the envisioned
performance.

Indeed, doping control has been an intense subject of re-
search in the recent decade [13,14], especially in GaAs-based
NWs, where the realization of reliable n-type conductivity
has remained challenging [14,15]. The most common n-type
dopant source in GaAs is silicon (Si), which, however, is
amphoteric by nature [16], and may lead to undesired p-
type behavior under certain conditions [14,17-19]. In typical
catalyst-assisted GaAs NWs grown by vapor-liquid-solid pro-
cesses, Si dopants incorporated via the metal-rich droplet
reservoir preferentially occupy anion (As) sites [14,17-19],
resulting in p-type doping. n-type doping on cation (Ga) sites
is only achieved through extreme As-rich conditions as in
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hydride vapor phase epitaxy [14] or by means of vapor-solid
(VS), selective area epitaxial (SAE) approaches [5,20-22].
In these processes both axial and radial growth are present
that are expected to lead to differences in doping rates; how-
ever, studies of dynamically varying incorporation and spatial
distribution of Si dopants within VS-grown GaAs NWs, and
their corresponding local electrical activity, are still miss-
ing. Such insights are instrumental for the development of
intentionally doped NW devices [23-25], as in NW solar
cells, electroluminescent NW devices, or Esaki tunnel diodes,
where spatial doping inhomogeneities may affect p-n junction
design, carrier recombination dynamics, and current-voltage
characteristics [25,26].

Here, we report on the spatial dependencies of Si dopant in-
corporation and associated electrical transport characteristics
of entirely droplet-free, VS-type GaAs(Sb) NWs grown by
SAE on silicon. We combine a variety of methods, including
atom probe tomography (APT), resonant Raman scattering,
and single-NW transport characterization to derive spatial
variations in the Si dopant distribution both in the axial and
the radial directions. Different dopant distributions are shown
to lead to distinct gradients of the current-voltage (I-V') char-
acteristics and carrier conductivity along the NW, as well as
the formation of a Si-dopant-enriched p-type surface region.
Wet-chemical postprocessing of the Si-enriched surface layer
is further developed to recover the desired n-type conductive
nature of the as-doped NWs.

©2024 American Physical Society
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FIG. 1. (a) SEM image of a Si-doped GaAs(Sb) NW array grown for 2.5 h, resulting in ~8-um-long and ~300-nm-thick NWs. (b) Enlarged
SEM images of single NWs grown at different growth times of 1, 1.5, and 2.5 h under otherwise identical conditions. (c) Evolution of NW
length/diameter and corresponding axial (Ry ) and radial (Rr) growth rates with growth time 7 (see inset). The scale bar in (b) is the same for

all images (0.5 um).

II. EXPERIMENTAL DETAILS AND RESULTS

A. Nanowire growth

The Si-doped GaAs(Sb) NWs were grown by solid-source
molecular beam epitaxy (MBE) on lithographically prepat-
terned Si(111) substrates, as described in detail in our previous
work (Refs. [24,27]). The mask pattern was defined in a
20-nm thin SiO, dielectric layer on top of the Si substrate,
consisting of various fields with different mask opening
sizes (dyp = 50-140 nm) and pitch (p = 0.25-2 um). To ob-
tain NWs with extended lengths (several micrometers long),
which are necessary for electrical transport characterization
with multiple contacts placed on single NWs, an antimony
(Sb) flux was provided during the growth [24,27,28]. The
surfactant action of Sb, which occurs in the limit of low
Sb flux, substantially increases the axial growth rate, but
keeps the Sb incorporation very low (~1%-2%), in order
to mimic the electronic properties of Sb-free GaAs NWs
[27,28]. In contrast, GaAs NWs grown by MBE without a
supply of Sb surfactant tend to suffer from early growth
termination and limited lengths [29]. Growth was performed
at a temperature of 685 °C under highly As-rich conditions
(V/II ratio of 63), using a Ga flux of 0.6 As_l, and As/Sb
beam equivalent pressure of 5.5 x 107> and 3 x 10~7 mbar,
respectively [24].

Si doping was enabled by a thermal sublimation source,
where the doping level is controlled by adjusting the
source filament current. In our system, a filament current
of 13 A (used throughout this study) creates a Si flux of
~1.6 x 10'2 cm~2s~! that yields a corresponding Si dopant
concentration of 1.4 x 10" cm=2 in planar Si-doped GaAs
reference films (growth rate of ~1 umh’l) [30]. Similar
Si dopant concentrations are also measured in the present
Si-doped GaAs(Sb) NWs, as discussed below. The high Si
doping level was chosen to probe variations in Si distribution
via APT with high accuracy above the APT sensitivity limit

of ~2 x 10'8 cm™3. NW samples grown for APT analysis
contain an additional thin undoped AlGaAs/GaAs shell
passivation layer (5 nm Aly3Gap7As/3 nm GaAs) that serves
as a marker of the terminal growth surface. All other NWs
explored in this study are free of any surface passivation.

Figure 1(a) presents a typical scanning electron mi-
croscopy (SEM) image of an as-grown Si-doped GaAs(Sb)
NW array on Si, obtained for a growth time of 2.5 h and
pattern pitch of 2 um. The array shows high uniformity with
good growth yield (>90%), and only slight size fluctuations
that are attributed to the stochastic nature of the underlying
twin-induced growth mechanism [29,31]. The NWs exhibit
a nontapered morphology with a length of 81+0.74 um, a
diameter of 295+37 nm, and a crystal structure that is exclu-
sively of a zinc-blende phase with rotational twin domains, as
previously identified from transmission electron microscopy
studies [27,28]. To better understand the growth dynamics of
such extended NWs, growth was performed at two additional
growth times (1 and 1.5 h) to capture the evolution in NW
length and diameter. The SEM images in Fig. 1(b) and corre-
sponding NW length and diameter evolution in Fig. 1(c) reveal
that the axial growth rate increases rapidly and superlinearly
with time, while the radial rate is much smaller and decreases
slightly as growth proceeds. These characteristics mimic re-
cent observations of undoped GaAs [28,32] and GaAsSb NWs
[28], as well as of InAs-based [33,34] and III-N NWs [35],
pointing to a universal behavior that governs the catalyst-free
VS growth process. Specifically, the superlinear increase in
NW length with time can be understood by the continually
increasing sidewall surface area that increases the collection
of impinging atoms which diffuse to the axial growth front
[28,32-36]. Once the length of the NW exceeds the sidewall
diffusion length, superlinear growth ceases and growth tran-
sitions towards sublinear dynamics [36]. Here, the Sb flux
maintains the superlinear growth throughout the investigated
range of growth times.
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FIG. 2. (a) Schematic illustration and (b) SEM image of as-fabricated back-gate NW-FET containing a total of four equidistant
(Pd/Ge/Au/AuPd) metal contacts as source and drain contacts; the n** Si substrate serves as global back gate. (c) I-V characteristics measured
between different contact pairs along the NW after annealing at 300 °C for 90 s (e.g., 1-2: black/near NW tip; 2-3: red/NW center; 3-4:
blue/near NW bottom). The inset shows the respective characteristics at lower voltage range (£200 mV).

B. Electrical transport properties

Using the longest NWs from this series, the electri-
cal transport characteristics were assessed by probing the
I-V and NW-FET characteristics (in back-gate configura-
tion) on single NW devices at room temperature. Hereby,
individual GaAs(Sb):Si NWs were drop-casted onto 200-nm
Si0, /n*T-Si substrates (i.e., global back gate) and contacted
by multiple, evenly spaced electrodes along the NW axis
(four contacts separated by 1.3 wm), using electron beam
lithography (EBL) and metal evaporation. As metallization a
multilayer stack of Pd/Ge/Au/PdAu (50/170/10/800 nm) was
employed; a common choice for n-type contacts to GaAs NWs
[37,38]. Prior to metallization, the NWs were exposed to a
solution of HCI : HO (1:1) for 30 s to remove the native
oxide on the GaAs(Sb) sidewall surfaces. A schematic illus-
tration as well as a corresponding SEM image of a typical
contacted NW-FET device is shown in Figs. 2(a) and 2(b).
Thermal annealing was used to further improve the contact
conductivity (see Supplemental Material, Fig. S1 [39]). While
nonannealed contacts exhibited high resistance (~10 G£2),
thermal annealing above 300 °C reduced the resistance by up
to four orders of magnitude to the ~800 k2-100 M2 range.
The observed improvement in conductivity agrees well with
previous work using Pd/Ge/Au metal contacts on Si-doped
GaAs NWs, and was mediated by the in-diffusion of Ge metal
[38]. In this process, the palladium (Pd) serves as a catalyst
that promotes the diffusion of Ge to subsurface sites in the
GaAs.

Interestingly, the /-V characteristics and associated resis-
tance values depend strongly on the location of the probe
contacts on the NW. This is directly illustrated by measure-
ments in two-terminal (2T) configuration between adjacent
contact pairs (one acting as source, the other as drain) at differ-
ent sections along the NW. As shown in Fig. 2(c), contact pairs
1-2, 2-3, and 3-4 arranged from the NW tip towards the NW
bottom yield nonlinear /-V curves with quite different levels
of nonlinearity. Concurrently, lower currents are measured for

contacts closer to the NW tip compared to those towards the
bottom of the NW. This behavior is consistent in all inves-
tigated NWs from this sample (total of 17 NWs measured,
with additional examples shown in the Supplemental Material,
Fig. S2 [39]). Concomitant with the decrease in conductivity
(increase in resistivity) towards the NW tip, the -V curves
show increasing nonlinearity. These rectifying characteristics
resemble those of back-to-back Schottky contacts and are not
surprising given the typical Schottky barrier heights of the
employed metals interfacing the GaAs NW sidewalls (barrier
heights of ~0.7-0.9 eV on GaAs(110) for Pd/Au) [40]. A
similar spatially varying nonlinearity in the /-V characteristics
was recently observed in intrinsically doped Si NWs [41]
and Te-doped GaAs NWs [42] and was attributed to doping
gradients along the NW.

The high device resistance and strong rectifying behavior
near the NW tip observed in our NW devices is consistent
with current transport in the limit of reduced doping con-
centration. In such regime, one expects thermionic emission
(TE) to govern the current transport across the barrier at the
metal/NW interface, resulting inevitably in highly asymmetric
Schottky diode behavior [inset, Fig. 2(c)] [42,43]. Moving to-
wards the bottom of the NW, the Schottky barrier is obviously
reduced, as the /-V’s asymmetry is weakened and a lower
device resistance is observed (cf. Supplemental Material, Fig.
S2 [39]). The I-V characteristics become more linear as field
emission begins to dominate TE once the doping concentra-
tion is sufficiently high [42,43]. We further note that over
the applied bias range (£500 mV), no space charge limited
transport was observed in any of the device sections along the
NW (see double-logarithmic /-V plots in the Supplemental
Material, Fig. S3 [39], and references therein [44,45]). This
suggests that relatively high doping concentrations (that are
much higher than the density of carriers injected via the con-
tacts) prevail in all parts of the NW [44,45].

Further insights into the spatially variant transport char-
acteristics are revealed from 2T-NW-FET measurements
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FIG. 3. Isp-V; transfer characteristics of a back-gated NW-FET
under fixed Vsp = 0.5V, for three different source-drain contact
pairs along the NW: (a) region near the NW tip (1-2), (b) center
region (2-3), and (c) bottom region (3-4). The turn-on threshold volt-
age Vi, is determined from linear regression of the transconductance
[linear drop of the /-V curve; see red line in (a)] and its intersect with
the Vi axis. The resulting threshold voltages and estimated p-type
carrier concentrations are given in the panel of each respective figure.

performed under a global back gate at room temperature.
During these measurements, a constant source-drain voltage
(Vsp = 0.5 V) and variable gate voltage (V) was applied to
the top Pd/Ge/Au/AuPd contacts and the heavily doped Si
substrate, respectively. Given the fact that NW-FET charac-
teristics are very sensitive to the near-surface properties and
typically exhibit large hysteresis due to surface states [46,47],
the Isp-Vi characteristics presented in the following refer to
sweeps in the reverse voltage direction for Vg, for the sake
of consistency. Full sweeps and associated hysteresis data
are also shown in the Supplemental Material (Fig. S4 [39]).
Figure 3 shows the resulting transfer characteristics for the
different contact pairs from a typical NW-FET over a gate
voltage range from +80 to —80V. All Isp-Vi curves show
a consistent trend that the NW-FET is in an on state (high
current) at negative gate bias, while positive gate bias depletes
the carrier density. These features are typical characteristics
of a p-type NW-FET, implying an inversion of the supposedly
n-type behavior of the Si-doped GaAs(Sb) NW. The observa-
tion of p-type conduction further means that specific regions
with high excess hole densities are present, presumably in the
surface region, which fully compensate the electrons in the
NW. We anticipate that either surface doping via surface states

may cause such hole accumulation at the NW surface [46],
or as we point out below, Si dopant induced changes in the
surface conductivity due to the strong amphoteric behavior of
Si dopants in GaAs.

Before further discussing the origins of these intriguing
features, we emphasize that the NW-FET characteristics re-
veal the same trends in conductivity along the NW axis, as
found in Fig. 2. Close to the NW tip, the current through the
device is relatively small (few nanoamperes), while the device
exhibits clear pinch-off for positive gate bias. In contrast,
regions towards the bottom of the NW show increasingly
higher current (several hundred nanoamperes), but the carrier
density is much harder to deplete by the gate and pinch-off
is approached only under exceedingly large gate bias. Such
behavior is typical in NWs with very high doping density,
which makes gating efficiency from the n**-Si back gate
quite inferior compared to NWs with lower doping density,
as recently also found for p-type (Be-doped) GaAs NWs [48].

To account for these differences, one can examine esti-
mates of the carrier density in the different sections of the
NW-FET by fitting the transconductance, i.e., linear part of
the Isp-Vi curves. From the extrapolation of the fits to the
intersect with the Vg axis, the turn-on threshold voltage Vi,
can be derived [see Fig. 3(a)]. Vi, is a useful metric that is
linked to the carrier density (n) in the NW transport channel,
via the relationship n = Cg x Vi /(e x [ x A) [46-49]. Here,
Cg is the gate capacitance, that is estimated from the widely
used metal plate capacitor model [50], while / and A are
the length and cross-sectional area of the NW channel (as
measured by SEM). For example, an extracted Vi of 80.9 V
for contact pair 1-2 [Fig. 3(a)] yields a p-type carrier concen-
tration of 7.2 x 10" cm™3. Performing a similar analysis for
the other contact pairs 2-3 and 3-4 gives an estimated p-type
carrier concentration of 2.0x 10'® cm =3 and 7.5 x 10'® ¢m 3,
respectively. We emphasize that this variation in estimated
carrier concentration gives a meaningful overall trend along
the NW, but the absolute values in carrier density have to
be treated with care. This is because the gate capacitance is
a parameter that relies on a simplified analytical expression
[50], and neglects the influence by surface states [51]. Nev-
ertheless, from our NW-FET data it is valid to state that the
carrier/dopant concentration increases towards the bottom of
the NW, exhibiting higher p-type conduction as opposed to
the NW tip.

C. Atom probe tomography

To elucidate the origins of the spatial gradient in carrier
conductivity and further identify the cause of the p-type be-
havior, local electrode APT and resonant Raman-scattering
experiments were performed on the Si-doped GaAs(Sb) NWs.
For the APT analysis, specimens were prepared by picking
and welding individual NWs onto tungsten (W) probe tips
using a dedicated NW-reference sample grown to an average
length (diameter) of ~3.8 um (~130 nm), that contains a thin
AlGaAs/GaAs surface passivation layer. Since a single APT
run cannot probe the entirety of a several micrometer-long
NW, NWs were mounted in two different orientations on the
W tip: with the tip upward to probe the top region of the NW
and with the tip downward to characterize the bottom section
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FIG. 4. (a) Side view schematic of the nanowire cross section showing the GaAs:Si core (gray), the AlGaAs shell (blue), and excess Si
doping (pink). (b),(c) End view of Si concentration across the diameter shown as (b) 2D contour plots and (c) 1D profiles along the long axis
of the red rectangles, averaged over the short axis. Upper (lower) panels refer to cross sections in the top (bottom) regions of the nanowire
demarcated by the dashed boxes in (a). Insets in (c) show end view schematics; dashed black circles mark the region captured by the APT
detector. The increase in Al mole fraction [blue plots in (c¢)] indicates the onset of the AlGaAs shell.

of the NW. Further details about specimen preparation as well
as specifics of APT experiments can be found elsewhere [52].
Figure 4(a) shows a schematic of the NWs used for APT anal-
ysis designation of the top and bottom sections. Figures 4(b)
and 4(c) show the Si distribution as (b) two-dimensional (2D)
contour plots and (c) radial concentration profiles recorded
over regions of interest (ROIs) indicated by red rectangles.
The inset end view schematics in Fig. 4(c) indicate the region
of the nanowire captured by the APT detector (dashed black
circle). Although the field of view does not encompass the
entire nanowire, the hexagonal faceting is reflected in the
contour plots, providing a point of reference for plots of the
Si concentration from the center of the NW through the outer
AlGaAs shell. We note that the apparent curvature of facets in
the upper plot of Fig. 4(b) results from ion trajectory aber-
rations, as discussed elsewhere [53], and that the observed
asymmetry arises when the nanowire axis is not perfectly
parallel to the detector axis. The onset of the AlGaAs shell
can be identified by the increase in Al concentration [Fig. 4(c),
blue lines]; the end view 2D contour plot of Al is shown in the
Supplemental Material (Fig. S5 [39]). The ROIs selected in
Fig. 4(b) to plot in Fig. 4(c) were chosen to be perpendicular
to the {1-10} facets of the NW. The vertices between facet
corners were excluded from the ROIs as the Si concentration
is locally enhanced [bright red regions in Fig. 4(b)] by the
presence of {112} nanofacets in similar NWs [30].

The APT data provide important insights into the Si dis-
tribution. First, the concentration in the center of the NW
is uniform over most of the diameter, but is higher at the
bottom of the nanowire. The Si concentration at the top is
~1.3 x 10" cm™3 as we reported in Ref. [24], but is approx-
imately twofold higher (~2.2 x 10" cm™3) in the bottom

region. Both concentrations exceed the minimum detection
limit of ~4 x 10'® cm~> for these data sets. This difference
in dopant distribution between the top and bottom reflects the
nonlinearly increasing growth rate of the NW over time (cf.
Fig. 1), which is governed by the collection and diffusion
of Ga adatoms to the growth front [28]. Note that accord-
ing to Fig. 1(c), the average growth rate (approximated by
NW length divided by growth time) is more than 3 pum/h
for NWs exceeding lengths of >4 um, while it is up to only
half of that rate within the first 2 um of growth. Hence,
the lower growth rate in the earlier stages naturally induces
larger dopant incorporation per time unit, and this difference
correlates quantitatively fairly well.

An even more striking nonuniformity in the Si dopant
distribution is found in the radial direction. As obvious from
Fig. 4(c), the near-surface region of the GaAs(Sb) NW ex-
hibits a drastic increase in the Si concentration by up to an
order of magnitude close to the interface to the adjacent Al-
GaAs marker layer. This Si enrichment is found to be higher
and more extended in the bottom part of the NW, reaching a
concentration as high as [Si] ~ 1.5 x 10% cm—3 and a width
that spreads over 10 nm into the NW. By contrast, in the
top part of the NW the enriched layer is much thinner (less
than 5 nm) and exhibits only up to [Si] ~ 0.5 x 10?° cm~3
i.e., a factor of ~3 lower Si concentration, in a region with
comparable Al molar concentration as the bottom. Similar Si
enrichment on the NW sidewall surfaces was recently also
observed in catalyst-free Si-doped InAs NWs and explained
in the framework of growth kinetics and thermodynamics
[30]. From kinetics this can be mainly understood by the
simultaneous sidewall growth taking place under the vapor-
solid SAE process, with growth rates occurring much slower

076002-5



T. SCHREITMULLER et al.

PHYSICAL REVIEW MATERIALS 8, 076002 (2024)

(a)

etch window

20 T

Raman Intensity (arb. units)
Isp (NA)

as-grown _|

P I NI U po e T -

(e) 15[ - p-type
no gating
16 aw n-type
14 | E
as-grown

0 12 e

Sl ]

3
8r etched etched
6| (25-nm) (35-nm) -

etched
4 (50-nm)-
2
| 1 1 1 1 1 L1 g0 0

360 380 400 420 440 460 480

Stokes Shift (cm™) Ve (V)

-60-40-20 0 20 40 60 -60-40-20 0 20 40 60

S5NW 3NW 4NW 2NW

Ve (V)

FIG. 5. (a) Raman spectra of the local vibrational modes in the Si-doped GaAs(Sb) NWs recorded for the as-grown sample (blue data) and
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windows to realize back-gated NW-FETs. (d) Corresponding Isp-Vi transfer curves with n-type behavior measured on two contact pairs on
the same NW (Vsp = 0.5 V). (e) Histogram of typical distribution of p- vs n-type conductive behavior obtained from NW-FET measurements
performed on several NWs and multiple contact pairs; as-grown NWs exhibit exclusive p-type nature, while NWs with etched recess junctions

(depths of ~25-50 nm) also reveal n-type behavior.

radially compared to axial growth [cf. Fig. 1(c)]. Hence, the
increase in Si concentration observed at the perimeter of the
contour plots in Fig. 4(b) reflects the growth interface, i.e.,
the {110} NW sidewall facets. The doping enrichment itself
can further induce thermodynamic changes of the surface
structure; for example, precipitation of Si-rich phases that
modify surface reconstruction and surface strain as found
in planar III-V semiconductor surfaces as well [54]. More-
over, the observation of Si enrichment on GaAs NW surfaces
is also supported by first-principles calculations, suggesting
that Si dopants either substitute for surface atoms due to
favorable segregation energies or get trapped at subsurface
sites [55].

D. Resonant Raman scattering

Resonant Raman scattering was further used as a sensitive
technique to probe the lattice site occupancy of Si dopants
in the GaAs(Sb) NWs, and evaluate the nature of the near-
surface conductivity. Hereby, the scattering experiments were
performed at 10 K in backscattering geometry on the same
as-grown Si-doped GaAs(Sb) as depicted in Fig. 1(a). Similar
to previous studies [17,22,24], excitation via a diode laser was
employed at a photon energy of 3.05 eV, which is in resonance
with the E| gap of GaAs [17], and which in addition limits the
probing depth to only ~10 nm [17,22]. The limited penetra-
tion depth precludes the use of an AlGaAs/GaAs passivation
layer, and therefore is directly probing the prevalent doping
characteristics in the NW sidewall surfaces. However, due
to the generally low signal intensity of the Si-related local
vibrational modes (LVMs), the entire NW array was probed,

thus providing no further spatial differentiation between the
bottom and top of the NWs.

The resulting Raman spectrum of the as-grown NW array
is depicted in Fig. 5(a) (blue data), illustrating the presence
of three dominant LVMs that reveal the respective site occu-
pancies of the Si dopants: Si on Ga sites (donors, 383 cm™),
on As sites (acceptors, 399 cm™!), and as Sigy-Sias pair
complexes (394 cm™!) [53]. Note that the detection limit
for the Si LVMs is ~10'8 cm ™ [56,57], suggesting that the
respective concentrations of all three occupancy sites are well
above this level. In fact, the similar relative signal strengths
of all Si LVMs are fully analogous to previous data of heavily
Si-doped GaAs NWs [17,24], where not only the intended
(i.e., n-type) Ga sites are occupied, but to a substantial degree
the As sites as well as Sig,-Sias pair complexes. Both Sia
and Sig,-Sias pair complexes induce strong compensation
and even p-type behavior [58,59], demonstrating the strong
amphoteric nature of Si dopants. Such Sig,-Sias pairs are
also known to induce potential fluctuations in the host crystal
lattice [60,61], as seen in prior optical emission studies [22],
and these further affect carrier transport, primarily carrier
mobility, as observed in excessively Si-doped III-V NWs
[30]. In addition, the Sig,-Sias pair complexes also give
rise to the formation of Ga vacancies (Vg,) [62], which are
acceptorlike point defects that further contribute to enhancing
p-type conductivity in GaAs [63].

The Raman-scattering data therefore provide direct sup-
port for the measured p-type NW-FET characteristics (cf.
Fig. 3), given that both methods are very surface sensitive.
The p-type surface conductivity is also expected from the ex-
ceedingly high Si dopant concentrations found in the surface
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layer measured by APT ([Si] > 10'9-10% cm™?). Indeed, at
such high Si doping densities incorporating on (110) GaAs
surfaces (the case of NW-sidewall facets), distinct p-type
conduction has been obtained before in planar layers, espe-
cially under conditions of high temperature growth [64,65]
as employed here. On the other hand, under these conditions,
incorporation of Si via the (111)B growth facet is expected
to produce n-type behavior. This is well known from stud-
ies on planar (111)B reference layers [66], and further seen
in our Raman data. Note, the probing depth of ~10 nm in
the Raman-scattering experiments slightly exceeds the width
of the Si-enriched (p-type) surface layer measured in APT.
Hence, it is not surprising that the LVM spectra show a
distinct Sig, LVM signal as well, since the anticipated n-
type region right below the Si-enriched p-type layer is also
captured to a certain extent. Thereby, one has to consider
that the Raman probing depth is defined via the exponential
decay of light intensity (absorption length defined by intensity
reduction to 1/e of its initial value) rather than by an abrupt
cutoff.

E. Controlled removal of NW surface region

To verify this, and further attempt to retrieve the n-type
conduction of the bulk part of the NW, the entire as-grown
NW array was wet-chemically etched in a diluted citric acid
(CA) solution (CA : H,O, : H,O with 1:3:200 volume ratio)
[67]. The selected dilution ratio provides a slow etching rate
of 0.8 nm/s that enables accurate control of etching depth
with +2 nm precision, as found from etch calibration studies.
By adjusting the etching time, an ~20-nm thin layer was
removed from the NW-sidewall surfaces, reducing the orig-
inally ~295-nm-thick GaAs(Sb):Si NW to a final diameter of
~255 nm. Subsequent resonant Raman measurements were
performed under identical conditions, resulting in a remark-
able change in the relative signal ratios of the Si LVMs [see
Fig. 5(a), red data]. Compared to the as-grown, untreated
NWs, the occupancy of Siag and Sig,-Sias pair complexes
is substantially reduced, leaving the signature of the Sig,
LVM as the most dominant signal. Also, the relative signal
intensity of the Sig, LVM is increased (factor of ~1.7) in
the etched NW, compared to that of the as-grown NW. These
observations provide evidence for the effective removal of the
Si-enriched surface layer, and with that the region of dominant
Si-induced acceptor sites.

NW-FET devices were further fabricated from wet-
chemically etched NWs, by selectively removing material
from the NW surface in dedicated etch windows that are
created by masking the NW in-between windows using EBL.
Thereby, the etch windows define recess regions for source (S)
and drain (D) contacts, whereas the regions between adjacent
contacts remain largely unetched (except for some extended
etching due to the isotropic nature of the CA solution). This
was necessary in order to limit the formation of excess surface
state densities in the NW channel, as etching results in surface
roughening and the creation of larger numbers of dangling
bonds [46]. Figure 5(b) illustrates the controlled local re-
moval of NW material within the respective etch windows
on a test structure prior to contact formation. The image
confirms the desired uniformity in etching on all side facets,

reducing the NW on each facet by ~50 nm in this case. A
similar NW-FET device layout, as used before, with either
three or four recessed S-D contacts was employed [Figs. 5(c)
and 5(d)] to measure the 7-V characteristics under identical
conditions.

Figure 5(d) shows an example of the obtained NW-FET
transfer characteristics under the applied back gate for two
separate contact pairs placed along different sections on the
NW. Here, the data corresponds to sweeps in the forward
voltage direction of Vi (full sweeps and hysteresis behavior
are shown in the Supplemental Material, Fig. S6 [39]). Despite
the overall weak gate modulation observed in these devices—
as expected for highly doped NWs in back-gate geometry
[30,48,51]—the Isp-Vi transfer characteristics imply n-type
conductive behavior for both contact pairs, evidenced by the
lowered drain current towards negative gate voltages. This
indicates that by the etching of the Si-enriched surface region
and subsequent contact annealing, recovery of the anticipated
n-type nature of the Si-doped GaAs(Sb) seems feasible.

The inversion from p-type characteristics as seen in devices
from as-grown NWs (cf. Fig. 3) is, however, not universally
observed in all measured NWs treated by CA etching. Fig-
ure 5(e) summarizes the variation of the observed transfer
characteristics obtained from several NW-FET devices, which
were constructed from NWs etched under different times (i.e.,
different etch depth) and compared to unetched, as-grown
NWs. A set of typical transfer curves from this analysis is
further illustrated in the Supplemental Material (Figs. S6 and
S7 [39]). The histogram shows that as-grown NWs exhibit
exclusively p-type conduction, and some devices have no
gating action at all. This very distinct characteristic disappears
for etched NWs, as the likelihood for n-type behavior be-
comes more prevalent. Yet, several devices fabricated within
the same process run still show certain variation in conduc-
tivity, and the underlying reasons are not fully clear at the
moment. It could be related to residual amphoteric behavior
or variable densities of surface states amongst different NWs
(or even in different sections of the same NW), which in-
fluence the relative sensitivity of the gate coupling [46,48].
Such variation may be induced, for example, by the observed
gradient in the Si dopant incorporation along the NW as well
as by nonuniformities in etching. Alternatively, contact for-
mation upon annealing, and associated in-diffusion of contact
metal may also play a critical role in how the final transport
channel is defined. Indeed, we recognize some correlation
between n- vs p-type conduction and the device resistance
extracted from the Isp-Vsp characteristics. Devices show-
ing n-type behavior have, by trend, lower contact resistance
(~400 k€2 to a few tens of megaohms), while p-type devices
exhibit typically higher resistances (>50 MS2). Similarly,
NW-FETs with recessed S/D junctions were also measured
before annealing of contacts, resulting in high contact resis-
tance (greater than a few hundred megaohms) and only p-type
conduction, respectively. This suggests that by the absence
of in-diffusion of the contact metal, large Schottky barrier
depletion widths remain, which limit the efficient electron
tunneling towards the n region for the formation of lower-
resistance contacts. In turn, this confirms that contact anneal-
ing seems to be key for realizing n-type conduction in these
NWs.
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III. CONCLUSIONS

In conclusion, we demonstrated the interplay between
spatial nonuniformities in Si dopant incorporation and the
electrical transport characteristics of heavily doped, catalyst-
free GaAs(Sb) NWs grown by selective area epitaxy on
silicon. Highly nonlinear axial growth rates were found to be
responsible for an approximately twofold change in Si dopant
concentration along the NW, while even stronger Si dopant
segregation was observed in the radial direction, yielding a
several-nanometer-thick Si-enriched layer at the GaAs(Sb)
sidewall surfaces. Due to the strong amphoteric nature of Si
under such excess Si enrichment, NW-FET measurements,
which are very sensitive to the near-surface regions, yielded
p-type conductive behavior and further revealed a spatial gra-
dient in the /-V characteristics along the NW that reflects
the decreasing Si dopant concentration from the bottom to
the top of the NW. Additional wet-chemical etching studies
demonstrated successful removal of the Si-enriched p-type
surface layer and the possibility for recovery of the intended
n-type conduction, as shown by resonant Raman-scattering
experiments and NW-FET characterization. These findings
provide useful knowledge that motivates future work towards
improved control of Si dopant incorporation and the realiza-
tion of unambiguous n-type conductive transport in associated
devices. For example, adjustments of the V/III ratio (i.e.,
growth rate) during NW growth could deliver a constant axial
rate throughout [68] to inhibit the formation of axial dopant
gradients, while lower, moderate doping may further limit the
formation of excess Si enrichment in the radial direction. Such
relationships with growth rate and Si-doping induced changes
in free carrier density could also be revealed by probing
coupled phonon-plasmon modes in spatially resolved Raman
spectroscopy, as recently demonstrated [42]. In addition, es-
tablishing pure n-type transport in the NW via NW-FET
devices will call for added strategies in contact formation
(e.g., through optimized etching/annealing towards lower con-
tact resistances) and improvement in gate coupling. As gate
coupling is generally very challenging in highly doped NWs,

improvements could be rendered possible either by adding top
gates or using entirely different, e.g., non-metal-oxide type
gates [48].

The data that supports the findings of this study are avail-
able within the paper and its Supplemental Material [39].

ACKNOWLEDGMENTS

This work was supported by the European Research Coun-
cil (ERC project QUANLIC, ID: 771747), and the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion) under Germany’s Excellence Strategy via the Cluster of
Excellence e-conversion (EXC 2089/1-390776260). The au-
thors further acknowledge support by the Marie Sklodowska
Curie Action (MSCA) via TUM EuroTechPostdoc2 (Grant
Agreement No. 899987). The authors further thank H. Riedl
for support with MBE. L.J.L. and C.E.M. acknowledge the
support of NSF DMR-1905768. Atom probe tomography
was performed at the Northwestern University Center for
Atom-Probe Tomography (NUCAPT). The LEAP tomograph
at NUCAPT was purchased and upgraded with grants from
the NSF-MRI (Grant No. DMR-0420532) and ONR-DURIP
(Grants No. N00014-0400798, No. N00014-0610539, No.
N00014-0910781, and No. N00014-1712870) programs. NU-
CAPT received support from the MRSEC program (NSF
DMR-17201309) at the Materials Research Center, the SHyNE
Resource (NSF ECCS-2025633), and the Initiative for Sus-
tainability and Energy (ISEN) at Northwestern University.
This work made use of the EPIC facility of the NUANCE
Center at Northwestern University, which has received sup-
port from the Soft and Hybrid Nanotechnology Experimental
(SHyNE) Resource (NSF ECCS-1542205), the MRSEC pro-
gram (NSF DMR-1720139) at the Materials Research Center,
the International Institute for Nanotechnology (IIN), the Keck
Foundation, and the State of Illinois, through the TIN.

The authors declare no financial or commercial conflicts of
interest.

[1] J. Wong-Leung, I. Yang, Z. Li, S. K. Karuturi, L. Fu, H. H. Tan,
and C. Jagadish, Adv. Mater. 32, 1904359 (2020).

[2] K. Tomioka, M. Yoshimura, and T. Fukui, Nature (London) 488,
189 (2012).

[3] E. Memisevic, J. Svensson, M. Hellenbrand, E. Lind, and L.-E.
Wernersson, IEEE Electron Device Lett. 37, 549 (2016).

[4] S. Fust, A. Faustmann, D. J. Carrad, J. Bissinger, B. Loitsch,
M. Déoblinger, J. Becker, G. Abstreiter, J. J. Finley, and G.
Koblmiiller, Adv. Mater. 32, 1905458 (2020).

[5] K. Tomioka, J. Motohisa, S. Hara, K. Hiruma, and T. Fukui,
Nano Lett. 10, 1639 (2010).

[6] M. Nami, I. E. Stricklin, K. M. DaVico, S. Mishkat-Ul-
Masabih, A. K. Rishinaramangalam, S. R. J. Brueck, I. Brener,
and D. F. Feezell, Sci. Rep. 8, 501 (2018).

[71 K. H. Li, X. Liu, Q. Wang, S. Zhao, and Z. Mi,
Nat. Nanotechnol. 10, 140 (2015).

[8] B. Mayer, L. Janker, B. Loitsch, J. Treu, T. Kostenbader,
S. Lichtmannecker, T. Reichert, S. Morkoétter, M. Kaniber,

G. Abstreiter, C. Gies, G. Koblmiiller, and J. J. Finley, Nano
Lett. 16, 152 (2016).

[9] J. Wallentin, N. Anttu, D. Asoli, M. Huffmann, 1. Aberg, M.
H. Magnusson, G. Siefer, P. Fuss-Kailuweit, F. Dimroth, B.
Witzigmann, H. Q. Xu, L. Samuelson, K. Deppert, and M. T.
Borgstrom, Science 339, 1057 (2013).

[10] D. van Dam, N. J. J. van Hoof, Y. Cui, P. J. van Veldhoven, E.
P. A. M. Bakkers, J. Gomez Rivas, and J. E. M. Haverhort, ACS
Nano 10, 11414 (2016).

[11] S. Mauthe, Y. Baumgartner, M. Sousa, Q. Ding, M. D. Rossell,
A. Schenk, L. Czornomaz, and K. E. Moselund, Nat. Commun.
11, 4565 (2020).

[12] Y. Zhu, V. Raj, Z. Li, H. H. Tan, C. Jagadish, and L. Fu, Adv.
Mater. 33, 2105729 (2021).

[13] S. A. Dayeh, R. Chen, Y. G. Ro, and J. Sim, Mater. Sci.
Semicond. Process. 62, 135 (2017).

[14] W. Kim, L. Giiniat, A. Fontcuberta i Morral, and V. Piazza,
Appl. Phys. Rev. 8, 011304 (2021).

076002-8


https://doi.org/10.1002/adma.201904359
https://doi.org/10.1038/nature11293
https://doi.org/10.1109/LED.2016.2545861
https://doi.org/10.1002/adma.201905458
https://doi.org/10.1021/nl9041774
https://doi.org/10.1038/s41598-017-18833-6
https://doi.org/10.1038/nnano.2014.308
https://doi.org/10.1021/acs.nanolett.5b03404
https://doi.org/10.1126/science.1230969
https://doi.org/10.1021/acsnano.6b06874
https://doi.org/10.1038/s41467-020-18374-z
https://doi.org/10.1002/adma.202105729
https://doi.org/10.1016/j.mssp.2016.10.016
https://doi.org/10.1063/5.0031549

SPATIAL DEPENDENCE OF DOPANT INCORPORATION ...

PHYSICAL REVIEW MATERIALS 8, 076002 (2024)

[15] H. Hijazi, G. Monier, E. Gil, A. Trassoudaine, C. Bougerol,
C. Leroux, D. Castellucci, C. Robert-Goumet, P. E. Hoggan,
Y. Andre, N. I. Goktas, R. R. LaPierre, and V. G. Dubrovskii,
Nano Lett. 19, 4498 (2019).

[16] J. E. Northrup and S. B. Zhang, Phys. Rev. B 47, 6791 (1993).

[17] M. Hilse, M. Ramsteiner, S. Breuer, L. Geelhaar, and H.
Riechert, Appl. Phys. Lett. 96, 193104 (2010).

[18] B. Ketterer, E. Mikheev, E. Uccelli, and A. Fontcuberta i
Morral, Appl. Phys. Lett. 97, 223103 (2010).

[19] M. Yamaguchi, J. H. Paek, and H. Amano, MRS Proc. 1439, 83
(2012).

[20] G. Mariani, A. C. Scofield, C.-H. Hung, and D. L. Huffaker,
Nat. Commun. 4, 1497 (2013).

[21] S. Arab, M. Yao, C. Zhou, P. D. Dapkus, and S. B. Cronin, Appl.
Phys. Lett. 108, 182106 (2016).

[22] D. Ruhstorfer, S. Mejia, M. Ramsteiner, M. Doblinger, H.
Riedl, J. J. Finley, and G. Koblmiiller, Appl. Phys. Lett. 116,
052101 (2020).

[23] 1. Aberg, G. Vescovi, D. Asoli, U. Naseem, J. P. Gilboy, C.
Sundvall, A. Dahlgren, K. E. Svensson, N. Anttu, M. T. Bjork,
and L. Samuelson, IEEE J. Photovoltaics 6, 185 (2016).

[24] T. Schreitmiiller, H. W. Jeong, H. Esmaielpour, C. E. Mead, M.
Ramsteiner, P. Schmiedeke, A. Thurn, A. Ajay, S. Matich, M.
Doblinger, L. J. Lauhon, J. J. Finley, and G. Koblmiiller, Adv.
Funct. Mater. 34, 2311210 (2023).

[25] R. Sun, D. Jacobsson, I-Ju Chen, M. Nilsson, C. Thelander, S.
Lehmann, and K. A. Dick, Nano Lett. 15, 3757 (2015).

[26] N. Anttu, E. M. Fiordaliso, J. C. Garcia, G. Vescovi, and D.
Lindgren, Micromachines 15, 157 (2024).

[27] A. Ajay, H. W. Jeong, T. Schreitmiiller, M. Doblinger, D.
Ruhstorfer, N. Mukhundhan, P. A. L. M. Koolen, J. J. Finley,
and G. Koblmiiller, Appl. Phys. Lett. 121, 072107 (2022).

[28] H. W. Jeong, A. Ajay, H. Yu, M. Doblinger, N. Mukhundhan, J.
J. Finley, and G. Koblmiiller, Small 19, 2207531 (2023).

[29] D. Ruhstorfer, D. Ruhstorfer, M. Doblinger, H. Riedl, J. J.
Finley, and G. Koblmiiller, J. Appl. Phys. 132, 204302 (2022).

[30] J. Becker, M. O. Hill, M. Sonner, J. Treu, M. Déoblinger, A.
Hirler, H. Riedl, J. J. Finley, L. J. Lauhon, and G. Koblmiiller,
ACS Nano 12, 1603 (2018).

[31] M. Yao, C. Sheng, M. Ge, C.-Y. Chi, S. Cong, A. Nakano, P. D.
Dapkus, and C. Zhou, ACS Nano 10, 2424 (2016).

[32] K. P. Bassett, P. K. Mohseni, and X. Li, Appl. Phys. Lett. 106,
133102 (2015).

[33] M. T. Bjork, H. Schmid, C. M. Breslin, L. Gignac, and H. Riel,
J. Cryst. Growth 344, 31 (2012).

[34] F. Del Giudice, J. Becker, C. de Rose, M. Doblinger, D.
Ruhstorfer, L. Suomenniemi, J. Treu, H. Riedl, J. J. Finley, and
G. Koblmiiller, Nanoscale 12, 21857 (2020).

[35] V. G. Dubrovskii, V. Consonni, L. Geelhaar, A. Trampert, and
H. Riechert, Appl. Phys. Lett. 100, 153101 (2012).

[36] V. G. Dubrovskii, ACS Omega 4, 8400 (2019).

[37] C. Gutsche, A. Lysov, 1. Regolin, A. Brodt, L. Liborius, J.
Frohleiks, W. Prost, and F.-J. Tegude, J. Appl. Phys. 110,
014305 (2011).

[38] L. Hiittenhofer, D. Xydias, R. B. Lewis, S. Rauwerdink,
A.Tahraoui, H. Kiipers, L. Geelhaar, O. Marquardt, and S.
Ludwig, Phys. Rev. Appl. 10, 034024 (2018).

[39] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.8.076002 for contact annealing and
resulting resistance data, as well as additional APT data, and

ISD-VG transfer curves from a larger set of devices. The Sup-
plemental Material also contains Refs. [44,45].

[40] N. Newman, M. van Schilfgaarde, T. Kendelewicz, M.
D. Williams, and W. E. Spicer, Phys. Rev. B 33, 1146
(1986).

[41] J. L. Barreda, T. D. Keiper, M. Zhang, and P. Xiong, ACS Appl.
Mater. Interfaces 9, 12046 (2017).

[42] T. Hakkarainen, M. Rizzo Piton, E. M. Fiordaliso, E. D.
Leshchenko, S. Koelling, J. Bettini, H. Vinicius Avanco Galeti,
E. Koivusalo, Y. G. Gobato, A. de Giovanni Rodrigues, D.
Lupo, P. M. Koenraad, E. R. Leite, V. G. Dubrovskii, and M.
Guina, Phys. Rev. Mater. 3, 086001 (2019).

[43] E. H. Rhoderic and R. H. Williams, Metal-Semiconductor Con-
tacts, 2nd ed. (Clarendon, Oxford, 1988).

[44] A. M. Katzenmeyer, F. Leonard, A. A. Talin, M. E. Toimil-
Molares, J. G. Cederberg, J. Y. Huang, and J. L. Lensch-Falk,
IEEE Trans. Nanotechnol. 10, 92 (2011).

[45] A. A. Talin, F. Leonard, B. S. Swartzentruber, X. Wang, and
S. D. Hersee, Phys. Rev. Lett. 101, 076802 (2008).

[46] J. Jie, W. Zhang, K. Peng, G. Yuan, C. S. Lee, and S.-T. Lee,
Adv. Funct. Mater. 18, 3251 (2008).

[47] C. Blomers, T. Grap, M. L. Lepsa, J. Moers, S. Trellenkamp, D.
Griitzmacher, H. Liith, and T. Schipers, Appl. Phys. Lett. 101,
152106 (2012).

[48] A. R. Ullah, D. J. Carrad, P. Krogstrup, J. Nygard, and A. P.
Micolich, Phys. Rev. Mater. 2, 025601 (2018).

[49] J. Becker, S. Morkétter, J. Treu, M. Sonner, M. Speckbacher,
M. Déblinger, G. Abstreiter, J. J. Finley, and G. Koblmiiller,
Phys. Rev. B 97, 115306 (2018).

[50] O. Wunnicke, Appl. Phys. Lett. 89, 083102 (2006).

[51] S. Heedt, I. Otto, K. Sladek, H. Hardtdegen, J. Schubert,
N. Demarina, H. Liith, D. Griitzmacher, and T. Schipers,
Nanoscale 7, 18188 (2015).

[52] N. Jeon, B. Loitsch, S. Mork®étter, G. Abstreiter, J. Finley, H. J.
Krenner, K. Koblmiiller, and J. J. Lauhon, ACS Nano 9, 8335
(2015).

[53] D. Melkonyan, C. Fleischmann, L. Arnoldi, J. Demeulemeester,
A. Kumar, J. Bogdanowicz, E. Vurpillot, and W. Vandervorst,
Ultramicroscopy 179, 100 (2017).

[54] M. Wassermeier, J. Behrend, L. Daweritz, and K. Ploog, Phys.
Rev. B 52, R2269 (1995).

[55] M. Galicka, R. Buczko, and P. Kacman, J. Phys. Chem. C 117,
20361 (2013).

[56] R. Murray, R. C. Newman, M. J. L. Sangster, R. B. Beall, J. J.
Harris, P. J. Wright, and M. Ramsteiner, J. Appl. Phys. 66, 2589
(1989).

[57] J. Wagner, Appl. Surf. Sci. 50, 79 (1991).

[58] Y. G. Chai, R. Chow, and C. E. C. Wood, Appl. Phys. Lett. 39,
800 (1981).

[59] M. J. Ashwin, M. R. Fahy, R. C. Newman, J. Wagner, D. A.
Robbie, M. J. L. Sangster, I. Silier, E. Bauser, W. Braun, and K.
Ploog, J. Appl. Phys. 76, 7839 (1994).

[60] N. Ben Sedrine, R. Ribeiro-Andrade, A. Gustafsson, M. R.
Soares, J. Bougard, J. P. Teixeira, P. M. P. Salomé, M. R.
Correia, M. V. B. Moreira, A. G. De Oliveira, J. C. Gonzalez,
and J. P. Leitaoa, Nanoscale 10, 3697 (2018).

[61] V. Piazza, M. Vettori, A. Ali, P. Lavenus, F. Bayle, N.
Chauvin, F. H. Julien, P. Regreny, G. Patriarche, A. Fave,
M. Gendry, and M. Tchernycheva, Nanoscale 10, 20207
(2018).

076002-9


https://doi.org/10.1021/acs.nanolett.9b01308
https://doi.org/10.1103/PhysRevB.47.6791
https://doi.org/10.1063/1.3428358
https://doi.org/10.1063/1.3517254
https://doi.org/10.1557/opl.2012.1326
https://doi.org/10.1038/ncomms2509
https://doi.org/10.1063/1.4947504
https://doi.org/10.1063/1.5134687
https://doi.org/10.1109/JPHOTOV.2015.2484967
https://doi.org/10.1002/adfm.202311210
https://doi.org/10.1021/acs.nanolett.5b00276
https://doi.org/10.3390/mi15010157
https://doi.org/10.1063/5.0095952
https://doi.org/10.1002/smll.202207531
https://doi.org/10.1063/5.0124808
https://doi.org/10.1021/acsnano.7b08197
https://doi.org/10.1021/acsnano.5b07232
https://doi.org/10.1063/1.4916347
https://doi.org/10.1016/j.jcrysgro.2012.01.052
https://doi.org/10.1039/D0NR05666A
https://doi.org/10.1063/1.3701591
https://doi.org/10.1021/acsomega.9b00525
https://doi.org/10.1063/1.3603041
https://doi.org/10.1103/PhysRevApplied.10.034024
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.8.076002
https://doi.org/10.1103/PhysRevB.33.1146
https://doi.org/10.1021/acsami.7b00144
https://doi.org/10.1103/PhysRevMaterials.3.086001
https://doi.org/10.1109/TNANO.2010.2062198
https://doi.org/10.1103/PhysRevLett.101.076802
https://doi.org/10.1002/adfm.200800399
https://doi.org/10.1063/1.4759124
https://doi.org/10.1103/PhysRevMaterials.2.025601
https://doi.org/10.1103/PhysRevB.97.115306
https://doi.org/10.1063/1.2337853
https://doi.org/10.1039/C5NR03608A
https://doi.org/10.1021/acsnano.5b04070
https://doi.org/10.1016/j.ultramic.2017.04.006
https://doi.org/10.1103/PhysRevB.52.R2269
https://doi.org/10.1021/jp407685s
https://doi.org/10.1063/1.344224
https://doi.org/10.1016/0169-4332(91)90142-7
https://doi.org/10.1063/1.92562
https://doi.org/10.1063/1.357892
https://doi.org/10.1039/C7NR08395E
https://doi.org/10.1039/C8NR03827A

T. SCHREITMULLER et al.

PHYSICAL REVIEW MATERIALS 8, 076002 (2024)

[62] M. J. Ashwin, R. C. Newman, and K. Muraki, J. Appl. Phys.
82, 137 (1997).

[63] W. Walukiewicz, Phys. Rev. B 41, 10218 (1990).

[64] F. Fischer, D. Schuh, M. Bichler, G. Abstreiter, M. Grayson,
and K. Neumaier, Appl. Phys. Lett. 86, 192106 (2005).

[65] E. S. Tok, J. H. Neave, M. J. Ashwin, B. A. Joyce, and T. S.
Jones, J. Appl. Phys. 83, 4160 (1998).

[66] D. A. Woolf, J. P. Williams, D. I. Westwood, Z. Sobiesierski,
J. E. Aubrey, and R. H. Williams, J. Cryst. Growth 127, 913
(1993).

[67] C.-I. Liao, M.-P. Houng, and Y.-H. Wang, Electrochem. Solid-
State Lett. 7, C129 (2004).

[68] J. Tatebayashi, Y. Ota, S. Ishida, M. Nishioka, S. Iwamoto, and
Y. Arakawa, Appl. Phys. Lett. 105, 103104 (2014).

076002-10


https://doi.org/10.1063/1.365791
https://doi.org/10.1103/PhysRevB.41.10218
https://doi.org/10.1063/1.1923761
https://doi.org/10.1063/1.367169
https://doi.org/10.1016/0022-0248(93)90759-P
https://doi.org/10.1149/1.1803072
https://doi.org/10.1063/1.4895597

