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ABSTRACT: Dopant atoms can be incorporated into nanowires either via the vapor-liquid-solid mechanism through the
catalyst droplet or by the vapor-solid growth on the sidewalls. Si is a typical n-type dopant for GaAs, but in nanowires it often
suffers from a strongly amphoteric nature in the vapor-liquid-solid process. This issue can be avoided by using Te, which is a
promising but yet less common alternative for n-type doping of GaAs nanowires. Here, we present a detailed investigation of
Te-doped self-catalyzed GaAs nanowires. We use several complementary experimental techniques, such as atom probe
tomography, off-axis electron holography, micro-Raman spectroscopy and single-nanowire transport characterization to assess
the Te concentration, the free electron concentration, and the built-in potential in Te-doped GaAs nanowires. By combing the
experimental results with a theoretical model, we show that Te atoms are mainly incorporated by the vapor-liquid-solid process
through the Ga droplet, which leads to both axial and radial dopant gradients due to Te diffusion inside the nanowires and
competition between axial elongation and radial growth of nanowires. Furthermore, by comparing the free electron

concentration from Raman spectroscopy and the Te-atom concentrations from atom probe tomography, we show that the



activation of Te donor atoms is 100% at a doping level of 4x10* cm®, which is a significant result in terms of future device

applications.



I. INTRODUCTION

Semiconductor nanowires (NWs) are considered to be one of the mast promising building blocks for nanoscience and
nanotechnology [1]. This is to a large extent due to the one-dimensional geometry of NWs, which allows for combining
dissimilar semiconductor materials in heterostructures and growing them on lattice-mismatched substrates. In particular, self-
catalyzed vapor-liquid-solid (VLS) NW growth [2,3] enables direct epitaxial integration of high quality I11-\V semiconductor
materials on Si substrates without the use of foreign metal catalysts such as Au, which may form unwanted defect states [4].
Exploitation of NWs in LEDs [5,6], solar cells [7,8], photodetectors [9], and other optoelectronic devices requires a controllable
methodology for doping. Consequently, significant efforts have been put into the investigation of the NW doping process [10].
A specific feature of the VLS process is that dopants can incorporate either through the catalyst droplet or via the vapor-solid
(VS) growth on the NW sidewalls. In the case of Si, which is routinely used as an n-type dopant in planar GaAs-based
optoelectronic technologies, the VS incorporation results in n-type doping, while strongly amphoteric behavior is observed for
VLS mechanism, leading to p-type doping [11,12]. Recently, the group VI element Te has emerged as a promising candidate
for n-type doping of 111-VV NWs. Te occupies anion sites [13] and acts as an effective n-type dopant in several VS grown IlI-V
alloys, such as GaAs [14], InGaAs [15], GaAsSh, and GaSh [16]. While Te has successfully been used for n-type doping of Au-
catalyzed [17,18] and self-catalyzed GaAs [19-21] NWs, a full understanding of the Te incorporation into VLS NWs is still

largely missing.

Consequently, here we report a detailed investigation of Te incorporation in the self-catalyzed growth of GaAs NWs on Si
substrates. We combine a number of complementary experimental techniques including atom probe tomography (APT), off-
axis electron holography, micro-Raman spectroscopy, and single-NWV transport characterization. This allows us to assess the
achieved Te doping level, the free electron concentrations, and spatial concentration gradients. A theoretical model is proposed
for Te incorporation via the VLS mechanism, which explains the observed axial and radial dopant gradients in NWVs.
Furthermore, we show that 100% Te dopant activation can be achieved at a concentration of 4x10% cm3, which is a significant

result for future device applications.

II. EXPERIMENTAL DETAILS

A. Nanowire growth

The investigated self-catalyzed GaAs NWs were grown by solid-source molecular beam epitaxy (MBE) on lithography-free
oxide patterns fabricated on p-Si(111) substrates by droplet epitaxy and spontaneous oxidation, as described in detail in Ref.
[22]. The nucleation site density of the used template was 4.4x107 cm?. Prior to NW growth, the samples were annealed for 30
min without any fluxes at 660 °C, as determined by a pyrometer. The annealing was followed by 40 s Ga pre-deposition at the
growth temperature of 640 °C, with the Ga flux corresponding to 0.3 um/h planar growth rate on GaAs(100) substrate. The NW
growth was then initiated by providing As, with a /11l beam equivalent pressure (BEP) ratio of 9. Te was provided from a
GaTe cell, with a nominal dopant concentration of 2.0x10" cm®. The doping levels were calibrated based on Hall
measurements of planar Te-doped GaAs samples grown on semi-insulating GaAs(100) substrates. Te-doped GaAs NWs were
grown for 60 min. The growth was terminated by simultaneously switching off all the fluxes and rapidly cooling down the

sample. Two samples with undoped reference NWs were also grown using the same process without Te flux. The growth times

3



for the reference NWs were 60 min and 80 min. Additionally, a Te-doped sample with an undoped AlGaAs shell was grown
for electron holography and APT measurements. These n-GaAs/i-AlGaAs core-shell NWs were grown on the same template
material as the bare NWs. Te-doped GaAs cores were grown similarly to the bare NWs, after which the NW growth was
terminated under a constant As flux by ramping down the temperature to 560 °C during a 5 min growth interrupt. The nominal
shell composition was AlyzsGaoezAs and the planar growth rate was 0.45 pm/h. A higher /111 BEP ratio of 17 was used for the

shell growth. The nominal AlGaAs shell thickness was 20 nm, accounting for the flux angles and sample rotation.
B. Atom probe tomography

Samples for APT measurements of NWs were prepared using the method described in Ref. [23]. APT was carried out using a
LEAP 4000X-HR from Cameca. The system is equipped with a laser-generating picosecond pulses at a wavelength of 355 nm.
For the analysis, all samples were cooled down to a temperature of 20 K and then either the laser pulses with pulse energies
between 1.2 and 2 pJ or voltage pulses with a pulse fraction of 40% were applied to the sample. The acquired data were
reconstructed using IVAS 3.6.8.

In the AIGaAs/GaAs core/shell structures analyzed in this work, the different materials exposed at the NW surface show
different evaporation behavior. This results in artefacts during the projection that are discussed in detail in Ref. [24]. As in [24],
the AlGaAs shell severely compresses the GaAs core when field evaporation is assisted by laser pulses. However, no artefacts
are observed when voltage pulses are utilized. Hence, the analyses of the bare Te-doped GaAs NWs were carried out with laser

pulses, while the analyses of core-shell structures were carried out with voltage pulses.
C. Off-axis electron holography

Cross-sectional samples for off-axis electron holography were prepared by focused ion beam (FIB) from the lower and upper
parts of n-GaAs-AlGaAs core-shell NWs, as shown in Fig. S5 (a) and S6 (a) in the Supplemental Material [25], using a FEI
Helios dual beam microscope equipped with a micromanipulator for in-situ lift-out. The NWs were coated by Pt prior to the
FIB cut. Holograms were recorded using a FEI Titan 80-300ST field emission gun TEM, operating at 120 kV and equipped
with a rotatable Méllenstedt biprism.

D. Raman spectroscopy

Raman spectra of undoped and Te-doped GaAs NWs were measured from the as-grown samples using a Renishaw inVia
Raman Microscope equipped with a 100X (NA = 0.85) objective lens. The NW density on the substrate was low enough to
focus a ~1 um excitation spot of a 532 nm excitation laser on a single NW, as shown in Fig. S7 in the Supplemental Material
[25]. The measurements were performed in the backscattering geometry with the excitation beam parallel to the NW growth
axis. The linear polarization of the excitation laser was set perpendicular to the NW axis and the detection of the scattered
intensity was unpolarised. The short depth of field of the confocal arrangement together with vertical scanning using a z-piezo
was employed for probing the Raman scattering from different positions along the NW axis. The intensity of the Si optical

modes at ~520 cm was used for determining the z-position corresponding to the NW-substrate interface.



E. Device processing for transport characterization

The Te-doped NWs used for the single-NW transport characterization were extracted from the growth substrate by sonicating in
isopropy!l alcohol and then drop-casted on top of a pre-patterned p-GaAs substrate covered with a 200 nm SiO; layer. Single
NWs were identified by SEM imaging, and the electrical contacts were fabricated by electron beam lithography and
evaporation of a Ni/AuGe/Au (5/5/30/200 nm) multilayer. Prior to metal evaporation, the exposed contact areas of GaAs NWs
were treated with oxygen plasma to remove the residual resist, dipped in sequence in a HCI:H,O (1:10) solution for native oxide
removal, followed by a surface chemical passivation using (NHa4),Syx (ammonium polysulfide) diluted in HO (15%, 45 °C, 3

minutes). Thermal annealing at 300 °C for 30 s was performed to improve the contact conductivity.

I11.  RESULTS AND DISCUSSION

A. Nanowire structure

Scanning electron microscope (SEM) images of Te-doped GaAs NWs and n-GaAs/i-AlGaAs core-shell NWs are shown in
Figures 1 (a) and (b), respectively. It is clear that Te-doped NWs exhibit remarkable size uniformity, which is typical for this
growth method [26]. The average length and diameter of the bare Te-doped NWs grown for 60 min are 3700 nm and 170 nm,
respectively. The undoped reference NWs grown for 60 min (Fig. S1 (a) in the Supplemental Material [25]) have an average
length and diameter of 4300 nm and 130 nm, respectively, indicating that the Te-doped NWs exhibit increased radial and
decreased axial growth rates. This observation is consistent with the results reported in Ref. [17,19]. The undoped reference
NWs grown for 80 min for the Raman experiments have an average length and diameter of 5100 nm and 150 nm, respectively
(Fig. S1 (b) in the Supplemental Material [25]). The Te-doped NWs have zincblende crystal structure with rotational twinning
defects (Fig. S2 and S3 in the Supplemental Material [25]). The twinning frequency increases toward the NW tip, where we
observe the (111)-type sidewall faceting, reported previously for self-catalyzed Te-doped GaAs NWs grown on GaAs
substrates [19].

B. Atom probe tomography

The concentration of Te atoms in GaAs NWs was investigated by APT, which involves evaporation of ions from the surface of
NWs by a DC electric field, superposed with thermal pulses from a laser or field pulses from a voltage pulser [27]. The
evaporated ions are projected onto a detector [28,29]. In this work, we used laser pulses for the bare Te-doped GaAs NWs and
voltage pulses for core-shell NWs. APT analysis of the bare Te-doped GaAs NWs shows that they are homogeneously doped
with ~4x10' cm? Te throughout the volume imaged by APT (Fig. 1(f), [23,29,30]). In addition, we detect trace amounts of P
and Sb, which originate from the background flux in the MBE chamber. Figures 1 (d) and (g) show the axial and radial atomic
concentration profiles of Te in GaAs NWs. Note that the As deficiency in the APT analyses can be attributed to the counting
errors originating from the formation of As ion clusters (such as As* and As,™) that cannot be distinguished as they have the

same mass-to-charge ratio.
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FIG. 1. Side-view SEM images of (a) bare Te-doped GaAs NWs and (b) core-shell NWs with Te-doped GaAs core
and undoped AlGaAs shell. () 52° tilted SEM image of a single Te-doped GaAs NW placed on a Si post for APT
investigation. (d) Axial and (g) radial atomic concentration profiles obtained for the bare GaAs NWs by APT using laser
pulses. (f) Schematic illustration showing the dimensions of Te-doped GaAs NWs and the core region in the upper part
of the NW from which the ATP data were collected using laser pulses for the bare GaAs NWs and voltage pulses for
core-shell NWs. The scale bars in (a)-(C) are 1um.

As the field-of-view of atom probe tomography tools is limited to a solid angle covering about an 8th of the sphere [23,29,30],
ions are only collected from the inner part of the NWs as sketched in Figure 1 (f). In order to extend the field-of-view, we
analyzed AlGaAYGaAs core-shell NWs with nominally similar cores. Due to the projection artefacts during APT, as discussed
in Ref. [24], only voltage pulsed APT analyses are possible on these structures. The corresponding results (Fig. S4 in the
Supplemental Material [25]) are ina good agreement with the results obtained on bare GaAs NW using laser pulses.

C. Off-axis electron holography

APT gives the atomic concentration of dopants in the central part of the NW core and for the upper part of the NW. In order to
investigate the distribution of activated dopants in more detail, we have conducted off-axis electron holography measurements
for cross-sectional slices extracted from the upper and lower sections of n-GaAg/i-AlGaAs core-shell NWs. Electron
holography is a transmission electron microscopy (TEM) technique which measures a spatially resolved phase difference, 4,
by interference between electrons that pass through the specimen (object wave) and electrons that pass through vacuum
(reference wave). The Ag is related to the crystal potential V(x,y,z) according to

Ap = Cg fOHV(x, y,z)dz, @
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FIG. 2. Off-axis electron holography of cross-sectional slices extracted from the upper and lower sections of n-GaAs/i-AlGaAs
core-shell NWs. (a) and (d) Bright field TEM images of the slices. (b) and (e) Potential maps of V,+MIP extracted from the
measured holographic phase maps using Eq. (2). (¢) and (f) Radial potential profiles taken from the dashed areas in (b) and (e),
respectively.

where Ce is a constant which depends on the microscope acceleration voltage and H is the specimen thickness. Electron
holography has previously been used to measure the built-in potential (Vi) and to assess the active doping in axial p—n junctions
of Si NWs [31,32] and radial core-shell p-i-n junctions of GaAs NWs [20,33]. Assuming that the potential V(xy,2) is a sum of
mean inner potential MIP and Vi, and that they are both uniform in the z-direction, we get

Ap = CzH(V,; + MIP). @

In the case of a heterogeneous core-shell structure, the difference in the MIP of the two materials has to be considered in order to
estimate the correct V. In this study, the difference in the MIP between the GaAs core and the AlGaAs shell was estimated by
using Vegard's law, based on the composition values measured by STEM-EDX maps, as discussed in the Supplemental
Material [25].

Figure 2 shows the obtained results on slices cut from the upper and lower part of two NWs extracted from the same sample.
The bright field TEM images of the upper and lower cross-sectional slices are shown in Figures 2 (a) and (d), respectively. In
the BF-TEM images, the darker hexagonal core is GaAs and the brighter shell is AlGaAs. The slices were embedded in Pt,
needed for protecting the NWs during the FIB cut.

The potential maps of V,i+MIP extracted from the measured holographic phase maps of the two cross-sectional samples are
shown in Figures 2 (b) and (e). The potential profiles along the dashed areas are given in Figure 2 (c) and (f). From the STEM-
EDX data, we know that the upper and lower slides have a slightly different shell compasition, leading to different values of the



MIP for the shell region in the upper and lower slices, respectively, as described in detail in Supplemental Material [25]. The
differences in MIP between the core and the shell in the top and bottom part of the NW are given by

AMIP'™P = MIPg,,s — MIP? =072V, ®)

AlGaAs
AMIPY® = MIPgqus — MIP%, ;s = 053 V. @

Using these values along with the measured potential steps in Figures 2 (c) and (f), we get built-in potentials Vbi"p =038V

and V,2°t = 0.27 V for the top and bottom parts of the NW, respectively. Their difference equals AV,; = Vlfi"p —Vpot =
0.11 V. This value will later be compared with a theoretical model. Now, we will investigate the dopant gradient using two

complementary experimental techniques.
D. Raman spectroscopy

Single-NW micro-Raman spectroscopy allows us to probe the free carrier density along the NW axis. The longitudinal optical
(LO) plasmon mode couples with free carriers and forms a coupled phonon-plasmon mode (CPPM), which is sensitive to the
charge carrier density and mobility [34-38]. The shallow depth of focus of the Raman setup enabled probing the NWs along
their vertical axis by adjusting the z-piezo position. Position z=0 corresponds to the focus on the Si substrate (NW-substrate
interface), and the focus moves towards the NV tip as the z-value increases. Another benefit of this measurement configuration
is that both TO and LO modes, as well as CPPM, are allowed in the (111) backscattering geometry [39]. The 80 min grown

undoped NWs were used as the reference in the Raman experiments because their diameter is similar to that of Te-doped NWs.

The details of the GaAs LO and TO peaks, along with the Raman signal arising from the Si substrate, are presented in Fig. S8 in
the Supplemental Material [25]. Here, we focus on the low intensity CPPM signal. Figure 3 (a) shows the Raman spectra
obtained from different axial positions for the undoped reference NWs, exhibiting typical GaAs TO and LO peaks. The peak
related to the optical mode of the Si substrate is strongly suppressed as we move toward the upper part of the NW. In addition to
these expected peaks, we observe broad features with X1 at 160 cm™ and X2 at 350 cm®, most likely originating from disorder-
activated acoustical phonons [40] and surface oxides [41-43]. Figure 3 (b) shows the Raman spectra for a Te-doped GaAs NW,
which exhibit two important differences with respect to the undoped reference. First, the intensity of the GaAs LO peak is
greatly reduced, because the signal of uncoupled LO of doped NWs arises only from a surface depletion layer (which is thin for
high doping densities [34—38]). Second, we observe the high frequency branch of the CPPM mode (L+). In the lower part of the
NW, the L+ branch is located on the higher frequency side of the LO peak at around 300-350 cm?, shifting to 650-700 cm™® as
we move toward the NW tip.

CPPM line shape analysis can be used for estimating free carrier concentration, as shown in Refs. [44,45] for planar layers and
in Refs. [20,46-48] for NWs. The Raman scattering intensity of CPPM is given by [45]
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FIG. 3. Raman data obtained from individual vertical NWs by confocal z-scans. (2) Raman spectra of an undoped
reference NW at different focal positions. Positions at z=0 pm and z=4.5 pum correspond to the bottom and top of the
undoped NWV, respectively. (b) Raman spectra of Te-doped GaAs NW (NW1) at different focal positions. Positions at
z=0 pm and z=3.5 pm correspond to the bottom and top of the NW, respectively. Raman spectra in (a) and (b) are
normalized to the GaAs TO peak and offset vertically for illustrative purposes. (c) Experimental Raman data and
CPPM fit by Eq. (5) for the top and bottom part of the Te-doped GaAs NW (NW21). The corresponding values of the
electron concentration (n) and mobility (L) are given in the insets. (d) Electron concentration and mobility data from the
top and bottom parts of three different Te-doped GaAs NWs. The data for NW1 is from (c) and the data for NW2 and
NW3 are from Fig. S9 in the Supplemental Material [25].
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D = [w?(w}y — w?) — wi(w}y — w?) + yl"pa)z]z + [Lw(wf, — w?) +yw(w? - mz)]z. (6)

Here, wro and w0 are the TO and LO frequencies, respectively, A is a frequency-independent parameter, C =-0.49 is the Faust-
Henry coefficient for GaAs at room temperature for 532 nm laser excitation [49], and y=5 cm is the LO mode natural damping
constant. The free electron concentration n and mobility . can be calculated from the plasma oscillation frequency of the free

carriers a)g

experimental Raman data. The remaining symbols have the usual meanings: e is the elementary electron charge, m»*=0.079m

= ne®/eye,m; and the damping constant '), = e/umy;, respectively, after fitting Eq. (5) to the



is the electron effective mass for n-GaAs [50], £,=10.86 is the high-frequency dielectric constant for GaAs, and & is the vacuum
permittivity.

We have fitted the CPPM peaks in Figures 3 (c) by Eqg. (5), with different parameters for the upper and lower parts of the NWs.
The resulting values of the electron concentration n and mobility 1 for the upper and lower parts of three different Te-doped
NWs are presented in Figure 3 (d). The reproducibility of the n and p for different NWSs is very good, and we consistently
obsenve larger n in the top NW sections. Typically, 1 should increase as n decreases, and therefore the observed relation of n and
| between the upper and lower part of the NWs is an unusual result which requires a careful interpretation. In Figure 4 we show
the position and lineshape of the high frequency (L+) branch of the CPPM mode calculated from Eq. (5) for the investigated
range of n and L. From Figure 4(a) it is evident that the increase of n causes a rapid shift of the L+ peak, while the effect of
mobility on the L+ peak position is significantly weaker. The reason for this is that, in the typical range of n-type mobilities for
GaAs, we are approaching the undamped case where the damping constant /" tends to zero. This is shown in Figure 4 (a), which
includes the theoretical CPPM peak position without damping. Therefore, the maobility has only a weak effect on the CPPM
peak position in the investigated range of nand . On the other hand, the reduction of mobility strongly affects the broadening
of the CPPM lineshape, as shown in Figure 4(b) and (c). Therefore, even a small overestimation of the L+ peak widith in the
fitting procedure would result in underestimation of L, while not significantly affecting the resulting value of n. In the fitting
procedure presented in Figure 3(C) we expect an overestimation of the L+ width for the lower part of the NW due to
overlapping of the CPPM mode with the X2 peak. For the upper part of the NW, we can obtain more reliable fitting because the
L+ peak is spectrally isolated. It should be also noted that even a small inhomogeneity in the form of an axial or radial gradient
of n in the volume probed in the Raman experiment will also lead to an overestimation of p while not having significant effect
on the resulting value of n. It has been shown also for p-type and n-type thin films samples that while the Raman method
produces accurate results for n in comparison to Hall data, the values of 1 tend to be less consistent due to different scattering
mechanisms [51,52]. Consequently, we will take the results of the carrier concentration as the important output of the Raman
experiments and conclude that a gradient in the carrier concentration is evident along the NV axis, as shown in Figure 3, which
is consistent with the holography results shown in Figure 2. Remarkably, the electron concentration detected in the upper part of
Te-doped NWs is 4x10% cm3, which matches with the Te atom concentration detected by APT in the same region. Thus, we
can conclude that all Te donors are activated.
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FIG. 4. (a) The position of the high frequency (L+) branch of the CPPM mode calculated as a function of electron
concentration using Eq. (5) for different values of electron mobility. The dashed gray line represents the plasma
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calculated CPPM lineshapes for different values of electron mobility (in cm?/V-s) for electron concentrations of
4.2x10" cm? and 4.4x10% cm®, respectively.
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FIG. 5. (a) Asymmetric double-Schottky-type I-V curves measured for a Te-doped GaAs NW using different contact
pairs as indicated in (b).

E. Transport characteristics

We further investigate the effect of Te doping on the NW transport characteristics by fabricating four evenly spaced electrodes
on three individual NW and measuring the current-voltage (I-V) characteristics between each contact pair in 2-probe
configuration. Figure 5 (a) shows the typical I-V curves obtained from these experiments exhibiting nonlinear, asymmetric 1-V
characteristics. For each pair of contacts, the current is larger for positive than negative bias voltages, and higher currents are
measured for the contacts closer to the tip of the NW than for those located closer to the bottom part.

In order to understand the I-V behaviour, we need to consider the basic properties of n-GaAs-metal contacts which are
characterized by formation of Schottky contact with barrier determined by Fermi level pinning at the GaAs surface regardless of
the work function of the metal. The barrier heights for common metals such as Cu, Pd, Ag, Au, Al, Ni, and Sn on n-GaAs(110)
surface result in barrier heights in the range from 0.7 to 0.9 eV [54]. The mechanism of current transport through such interfaces
depends on the doping level. At low to moderate doping concentrations the current is due to thermionic emission (TE) over the
barrier, resulting in typical Schottky diode behaviour with saturation of the reverse current. Linear I-V characteristics and low
contact resistance associated to Ohmic contacts are obtained in the case of high doping concentrations, which leads to the
reduction of the barrier width. This allows field emission (FE), i.e. tunneling of electrons with energies close to the Fermi energy
in the semiconductor, through the barrier. In the intermediate doping regime the barrier is too wide to allow tunneling at the
Fermi energy and thus the primary mechanism is thermionic field emission (TFE), which involves tunneling of thermally
excited electrons through the narrower upper part of the barrier. [55,56]
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The IV curves in Fig. 5(a) can be understood as a result of back-to-back Schottky contacts separated by the section of the NW as
a resistive channel. One of the contacts is reverse-biased and the other forward biased depending on the polarity of the bias
voltage. The resistive voltage drop in the semiconductor channel between two contacts can be estimated as U = RI, where the
resistance R = L/enuA. For the NW in Figure 5 we use a channel length of L=700 nm and an area A of a hexagonal cross-
section with a diameter of 160 nm. In the upper part of the NW we have n=4x10'8 cm? and u=1000 cm?/Vs, as determined by
Raman, which results in U=0.3 mV for 0.5 pA current at 0.5 V bias voltage. Similarly for the bottom part having n=1x10' cm®
and p=400 cm?Vs, we get U=3 mV. The estimated voltage drop in the NW channel is more than two orders of magnitude
smaller than the applied bias. Therefore, it is reasonable to consider that the current flow is predominantly limited by the reverse-
biased Schottky contact even assuming a considerable error margin for the values of p1 obtained from Raman, in particular since
the value of L from Raman is more likely to be underestimated than overestimated. In Figure 5(a), higher currents for each
contact pair are observed when the contact closer to the tip of the NW is reverse-biased. The reverse leakage current increases
when we move from the bottom of the NW (contact D) towards the tip (contact A).

In the Supplemental Material section VII and Fig. S11 [25] we assess the primary current transport mechanisms under reverse
bias for different temperature, carrier concentration, and bias ranges using the formulation by Padovani and Stratton [55]. For
room temperature and the range of doping levels observed in APT and Raman, the reverse current through the contact between
the investigated Te-doped NWs and metal contacts is primarily due to TFE, while for the upper part of the NW which has
higher doping level there is a probability of pure FE in the higher range of the bias voltages. The reverse current increases with
carrier concentration in both TFE and FE due to narrowing of the barrier width. Therefore, the I-V characteristics shown in

Figure 5(a) indicate the presence of dopant gradient along the NW axis.

It should be noted that the magnitude of the reverse current through a Schottky junction depends on the interface properties by
multiple mechanisms including voltage-dependent barrier reduction due to image force, effect of GaAs surface termination on
the Fermi level pinning position, defect assisted tunneling, and the presence of thin interface layers [56]. However, the reverse
leakage current is nevertheless dependent on the doping level, allowing qualitative assessment of dopant gradient along the NW
given that there is no significant difference in the interface properties between different contacts (A-D). In order to exclude the
possibility of random variations in NW growth and device processing, we measured multiple devices which all show a similar
trend with higher reverse leakage for the contacts located closer to the NW tip (Fig. S10 in the Supplemental Material [25]).

These results indicate the presence of a dopant gradient which increases in the axial direction from bottom to the tip of the NW,
which is consistent with off-axis electron holography and Raman results. It should be noted that in the transport measurements
we observe a significant difference between reverse leakage currents of contacts A and B at the upper part of the NW, while
APT shows a uniform Te concentration throughout the upper part of the NW in the core region (Figure 1). This can be
explained by the presence of both axial and radial dopant concentration gradients and the fact that APT probes the NW core
while the I-V characteristics depend more on the doping level in the surface layer.

IV. MODEL FOR Te INCORPORATION

The data presented in Figures 1 to 5 provide several indications of doping gradients in Te-doped GaAs NWs. While the APT

data reveal a relatively uniform Te concentration in the core region in the upper part of the NWs, we observe a higher V; in the
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upper than in the lower cross-section of n-GaAs/i-AlGaAs core-shell NWs. Furthermore, the Raman data show an increasing

free carrier concentration toward the NW top, and a similar trend is detected from the transport measurements.

Therefore, it is reasonable to assume that Te atoms incorporate into the solid NW through the Ga droplet by the VLS
mechanism, leading to a relatively uniform dopant concentration in each newly formed monolayer. Under Ga-rich conditions
used for Ga-catalyzed growth of GaAs NWs, the droplet radius gradually increases toward the NW top [57-59]. However, the
observed shape of our NWs is straight from base to top rather than reverse tapered. This straight NW morphology should be due
to the radial VS growth of a GaAs shell around the initially tapered core, as in Refs. [58,59]. The dopant incorporation through
the NW sidewalls by the VS mechanism has been shown to be insignificant in the case of Be-doped self-catalyzed GaAs NWs
[33]. Similar behavior can be expected for Te, particularly due to its high vapor pressure which leads to a strong temperature
dependence of the incorporation probability at the sidewalls [60]. Hence, the GaAs shell should be initially undoped. A gradient
of the Te concentration between the doped core and the undoped shell gives rise to solid diffusion of Te into the shell. Very
importantly, the amount of Te incorporated through the droplet is proportional to the squared radius of the droplet base, which
equals the NW core radius. Therefore, less Te atoms incorporate into a thinner NW bottom than to a thicker top. This explains
why the average Te concentration in the top cross-section exceeds the one in the bottom part of the same NW. Possible
diffusion of Te from the GaAs region into the undoped AlGaAs shell layer is considered negligible because of the low
temperature employed to grow AlGaAs. These considerations lead to the growth model illustrated in Figure 6 (a), where we
only consider the doping profiles in GaAs.

Within the model, the initial Te concentration in a new monolayer having the area €(t) at the moment of time t is considered
spatially uniform and independent of the height z, that is, C(x,y,z,t)=Cy if the point (x,y) belongs to €Xt). Subsequent evolution of
the Te concentration is described by the non-stationary diffusion equation

aC(xyt)

S =D- v2C(x, v, t), @

with the initial condition C(x,y,t=0)=C,. Here, D denotes the diffusion coefficient of Te atoms in solid GaAs. The boundary
condition corresponds to zero vapor-solid influx across the NW core boundary S

acC(xy.t)
an g

=0 ®)

where 71 is the normal to the boundary.

In order to find the unknown Co, we note that the total number of Te atoms N arriving into the droplet seated on top of a NW
having the radius R, (defined as the distance from the NW axis to the corner of the NW hexagon) during the period of time At
of forming the monolayer is given by

N = @(B)InR2At. ©)

Here, ¢ (B) is a geometrical coefficient which depends on the droplet contact angle 8 and | is the effective atomic flux of Te
atoms. The Te concentration in the core immediately after the monolayer formation equals C, = N/V, where V is the

monolayer volume. Using Eq. (9) and V = 3+v/3R2h/2, with h as the monolayer height, C,, takes the form
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(10)

where v, = h/At is the axial NW growth rate. The average concentration C,,, (t.) upon the completion of the NW core

(say, at t = t,) is proportional to the ratio of the initial over the final NW cross-sectional area

= _ 210 (Rp(®)?

CbOt - 3\/§VL (Rb(tc)) ’ (11)

The built-in potential of a p-n junction is given by [32]

Vi = "in (*52), (12)
e n

i

where N7 is the ionized dopant concentration which simply equals C(xy,zt), N, is the ionized acceptor concentration, n; is

the intrinsic carrier concentration, e is the electron charge, kg is the Boltzmann constant, and T is room temperature. Clearly, the

difference of the built-in potentials at the NW top and bottom is due to different average Te concentrations in the two cross-

sections, which equals

+top
AV, =" ln (ngt) (13)

Using Eq. (12) and C,,, = Cy, thiscan be put as

2
AVy; = “Elin (2222)", (14)

e Rb(O)

The difference of the built-in potentials at the NW top and bottom for a NW with the initial radius R, (0) = 14 nm, which is
relevant for these growth conditions [26], and the final radius of R, (t,) = 65 nm equals AV,; =~ 0.1 eV. The obtained value

is in good agreement with the experimental data obtained from off-axis electron holography.

Figures 6 (b) to (g) show the time evolution of the dopant distribution obtained numerically for the bottom, center and top
sections of the NWV at different growth times - 0 s (R,=14 nm), 1500 s (Ry=34 nm), and 3000 s (R,=65 nm) using a diffusion
coefficient of D=0.2 nm?s, which is within the previously reported range [61,62]. Comparing Figures 6 (g) and (g), the radial
gradient for the upper slice is slightly larger than for the lower one, which agrees with the holography potential profiles [see
Figures 2 (c) and (f)]. It should be noted that the radial gradient depends on the ratio of the diffusion coefficient over the radial
growth rate. Hence, fast diffusion leads to the uniform dopant distribution, whereas fast radial growth results in a significant
doping inhomogeneity. This shows the importance of the growth conditions in controllable Te doping of self-catalyzed GaAs
NWs.
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FIG. 6. () Growth model of Ga-catalyzed GaAs NWs under Ga-rich conditions. The shaded segments show the shell
that forms by the VS mechanism around the reverse tapered VLS core. The NW radius at a given height increases from
its initial value Ry(0) to Ry (t) over the period of time t. Te doping profiles at different moments of time: (b) t=0's; t=1500
s at (c) the center and (d) bottom part of the NW; t=3000 s at (€) 500 nm below the NW tip, (f) center and (g) bottom

part of the NW.

V. CONCLUSIONS

In conclusion, by combining a large amount of data from complementary experimental techniques and a theoretical model, we
have shown that Te dopants incorporate in self-catalyzed GaAs NWs via the VLS mechanism through the Ga droplet. Such
incorporation process results in both axial and radial doping gradients when radial V'S growth and diffusion of Te in solid GaAs
are present. Consequently, careful control of growth conditions is required for obtaining uniform doping throughout the NW.
Our model identifies fast radial growth of GaAs by step flow at the sidewalls of GaAs NWs as the key factor for the observed
doping inhomogeneity. Therefore, certain improvements of the VLS growth protocols are required to achieve more
homogeneous Te doping. In particular, the radial growth of self-catalyzed 111-V NWs can be suppressed by increasing the /111
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flux ratio as described in Refs. [59,63,64]. We plan to investigate this problem in the future work. Remarkably, our data for the
free electron concentration from Raman spectroscopy and Te-dopant concentration from APT in the upper part of the NW
shows that 100% activation of Te dopants can be achieved at a doping level of 4x10% cm®, which is extremely promising for
device applications using Te-as n-type dopant of GaAs NWs.
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