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Abstract

Effective and controllable doping is instrumental for enabling the use of III-V semiconductor

nanowires in practical electronics and optoelectronics applications. To this end, dopants are

incorporated during self-catalyzed growth via vapour-liquid-solid mechanism through the catalyst

droplet or by vapour-solid mechanism of the sidewall growth. The interplay of these mechanisms

together with the competition between axial elongation and radial growth of nanowires can result in

dopant concentration gradients along the nanowire axis. Here, we report an investigation of Be-doped

p-type GaAs nanowires grown by the self-catalyzed method on lithography-free Si/SiOx templates. The

influence of dopant incorporation on the structural properties of the nanowires is analysed by scanning

and transmission electron microscopy. By combining spatially resolved Raman spectroscopy and

transport characterization, we are able to estimate the carrier concentration, mobility and resistivity on

single nanowire level. We show that Be dopants are incorporated predominantly by vapour-solid

mechanism for low Be flux, while the relative contribution of vapour-liquid-solid incorporation is

increased for higher Be flux, resulting in axial dopant gradients that depend on the nominal doping

level.

1. Introduction

Semiconductor III-V nanowires (NWs) have emerged due to their unique properties and development

opportunities they render possible to a wide range of optoelectronics devices [1,2], such as LEDs [3,4],

solar cells [5,6], and photodetectors [7]. The one-dimensional NW geometry brings specific advantages

including the possibility to combine different semiconductor alloys as radial and axial heterostructures,

and relaxes the lattice matching requirements; in turn, this enables III-V semiconductor NW growth on

dissimilar substrates such as Si [1] which is widely used in electronics.  Going into more details of the

fabrication of such NWs, the self-catalyzed growth [8,9] has been adopted for direct epitaxial

integration because it avoids the use of foreign catalyst metals such as Au, which is known to form deep

traps in Si and therefore degenerate device performance [10].  Substantial progress has been made

recently in self-catalyzed growth of GaAs NWs with high control of the size distributions and crystalline
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structure [11–16]. Moreover, the ability to achieve an effective and controllable doping is essential

for bringing these nanostructures to the realm of practical applications, for example enabling

formation of p-n junctions without compromising the material quality of the NWs. It should be

emphasized that the knowledge of the dopant incorporation in traditional thin film epitaxy cannot be

directly applied to NW growth. Therefore, significant effort has been dedicated to investigate the dopant

incorporation mechanisms in NW growth [17]. The dopants are incorporated in NWs either via vapor-

liquid-solid (VLS) mechanism through the catalyst droplet, or via vapor-solid (VS) mechanism during

the sidewall growth. The incorporation of p-type dopant Be into GaAs NWs during self-catalyzed

growth has been investigated by several groups and different incorporation mechanisms have been

reported. Casadei et al. reported a preferential VS Be incorporation via the NWs sidewalls [18]. Zhang

et al. proposed a predominance of Be incorporation through the Ga catalyst droplets [19] and in the

work of Dastjerdi et al. it was determined that Be dopants incorporated through truncated facets under

the Ga droplet followed by  diffusion into the core of the NWs [20]. These previous studies suggest that

the Be incorporation strongly depends on the growth conditions.

Here, we report an investigation of Be-doped self-catalyzed GaAs NWs grown on lithography-free

Si/SiOx templates fabricated by droplet epitaxy and spontaneous oxidation of Si substrates [11,12]. We

examine the microstructural changes caused by Be dopant incorporation and, in particular, assess the

dopant concentration and its axial variations by single-NW Raman and electrical characterization

techniques, respectively. We show that different axial gradients of Be concentration are formed for

different Be fluxes. Our results suggest that the predominant Be incorporation mechanism is VLS for

high Be flux and VS for low Be flux.

2. Experimental Methods

The 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. GaAs droplet epitaxy was performed on oxide-free HF-etched substrates. After the droplet

epitaxy, the wafers were removed from the MBE reactor, oxidized in air and loaded back to the MBE.
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Prior to NW growth, the samples were annealed for 30 min at 655 °C, as determined by pyrometer, in

order to evaporate the GaAs mounds and to reveal oxide-free holes for NW nucleation as described in

detail in Ref. [12].  The nucleation site density of the templates used was 2×108 cm-2. The annealing

was followed by a 60 s Ga pre-deposition at the NW growth temperature of 640 °C with Ga flux

corresponding to planar 0.3 µm/h growth rate on GaAs(100). The NW growth was then initiated by

providing As2 corresponding to a V/III beam equivalent pressure ratio (BEP) of 9. The NWs were grown

for 60 min and the growth was terminated by switching off all fluxes simultaneously and rapidly cooling

down the sample. The NWs were doped with Be fluxes corresponding to a nominal p-type dopant

concentrations of 2.0×1018 cm-3 and 2.0×1019 cm-3 for samples hereafter named Be1 and Be2,

respectively. The doping levels were calibrated based on Hall measurements of three planar Be-doped

GaAs(100) samples grown on semi-insulating GaAs substrates. The thin film (TF) samples were later

used for comparing the carrier concentration and mobility values obtained from Raman spectroscopy

and Hall measurements, and will be from now on named TF1, TF2 and TF3, in the order of increasing

Be flux used during the growth.

The structural properties of NWs were characterized by scanning electron microscopy (SEM) and

transmission electron microscopy (TEM). SEM characterization was performed to collect dimensional

data and to obtain images of the NWs used for Raman spectroscopy and transport characterization after

the measurements were carried out. TEM was used to analyze the microstructure of single NWs

harvested from the as-grown samples to a carbon film of a Cu TEM grid; for the analyses we used a

FEI Tecnai G2-F20 operating at 200 kV.

Room temperature Raman spectra of single NWs were obtained on backscattering geometry. The

NWs were transferred to a Si substrate with a 200 nm SiO2 thermal oxide layer. The excitation

wavelength was 532 nm and a 50x magnification lens with NA=0.82 was used to obtain a spot size of

<1 μm in diameter. Raman spectra with varying excitation power were first collected from test NWs to

select the optimal power density that would not result in any shifts or broadening of Raman peaks due

to laser-induced heating. The linear polarization of both excitation laser and scattered light were

adjusted perpendicular to the NW growth axis. The TF samples were also investigated by Raman
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spectroscopy with equivalent configuration of linear polarizations of excitation and detection to

evaluate the methodology adopted on analysis of the Raman spectra for assessing the free carrier

concentration and mobility.

For single-NW transport characterization, the NWs were first drop-casted on a p-GaAs substrate

covered by a 200 nm SiO2 layer with pre-patterned gold pads. The position of representative NWs on

the substrate were identified by SEM imaging and electron beam lithography was used to fabricate

electrical contacts on individual NWs. After resist development, the sample was dipped in 1:10

HCl:H2O solution for 10 s to remove the native oxide, followed by 15% ammonium polysulfide

(NH4)2Sx diluted in H2O for chemical passivation (45 °C, 3 min) of the exposed contact area of the

NWs. After chemical treatments of the surface, the NWs were immediately taken to an electron beam

metal evaporation equipment and a Pt/Ti/Pt/Au (5/10/10/200 nm) metallic multilayer was deposited on

the sample. After lift-off of the resist, a rapid thermal annealing at 400 °C for 30 s was performed to

reduce the contacts resistance. Current-voltage (IV) measurements were carried using an Agilent

Source-Meter Unit.

3. Results and discussion

3.1 Structural properties

TEM and HR-TEM images from selected areas of undoped and Be-doped GaAs NWs were obtained to

evaluate the influence of Be incorporation on the microstructural properties of the NWs. The results are

summarized in figures. 1(a)-(d) for undoped NWs, in figures 1(e)-(h) for Be1 NWs, and in figures 1(i)-

(l) for Be2 NWs. The bright-field (BF) TEM image of undoped NW in figure 1(a) shows that the twin

plane density increases towards the NW/droplet interface, region at which the contact angle between

the Ga droplet and NW tip decreases due to lateral growth favoring the twin plane formation [12]. HR-

TEM imaging of the root region in figure 1(d) shows a 100 nm long section of stacking faults and

polytypism, followed by a 2 μm long center region of pure zincblend (ZB) GaAs, as shown in figure

1(c). A short wurtzite (WZ) section (~5 nm) was formed at the interface of the Ga droplet and the NW

body (figure 1(b)), which is commonly observed in self-catalyzed growth of GaAs NWs due to rapid
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changes in the growth conditions after switching off the Ga and As fluxes and subsequent ramp down

of the sample temperature [12].

The BF images of Be1 and Be2 NWs are shown figures 1(e) and 1(i), respectively. The twin plane

density at the center-tip regions is smaller than in the undoped sample shown in figure 1(a), which  has

been previously reported for self-catalyzed  Be-doped GaAs NWs [19]. The root regions of Be1 and

Be2 NWs, shown in figures 1(h) and 1(l), are composed of ZB structure with twin planes and stacking

faults due to instabilities related to early-stages of the epitaxial growth, such as Ga droplet composition.

It is evident that the incorporation of Be suppresses the twin plane formation in the center [figures 1(g)

1(k)] and NW-droplet interface [figures 1(f) and 1(j)] regions when compared to the undoped sample.

The formation of twin planes and WZ segments in self-catalyzed GaAs NWs is commonly attributed to

the droplet contact angle [9,21,22]. However, the post growth analysis of the distributions of droplet

contact angles reveals no significant difference between the Be doped and undoped NWs (See Fig. S1

in the Supplementary Data). The mean values of contact angles and the standard deviations for Be1,

Be2, and undoped NWs are 123.5° ± 4.6°, 126.4° ± 6.2° and 127.8° ± 5.3°, respectively. Furthermore,

Be has been reported to suppresses the formation of WZ segments during Ga droplet crystallization

[23], which is another indication that the influence of Be on the ZB crystal phase purity cannot be

explained merely by a change of droplet contact angle. Therefore, the reduction of twinning and WZ

stacking probability in the Be-doped NWs is most likely related to a more complex change of energetics

in the VLS system, leading to an increase of ZB nucleation probability over WZ stacking and twin

formation. Furthermore, the NWs grown with high Be flux [Be2 in figure 1(k)] exhibit roughening of

the (110) sidewall planes along the whole NW length. The selected area electron diffraction (SAED)

patterns corresponding to the HR-TEM images of the bottom, center and tip regions of undoped, Be1

and Be2 NWs can be found in figure S2 in the Supplementary Data.
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Figure 1. HR-TEM images of (a)-(d) undoped, (e)-(h) Be1, and (i)-(l) Be2 NWs. The red circles in  (a), (e) and

(i) indicate the different positions corresponding to the higher magnification images in (b)-(d), (f)-(h) and (j)-(l).

The scale bars are 1 μm in (a), (e) and (i). The other scale bars sizes are indicated on each figure.

3.2 Raman spectroscopy

Single-NW Raman spectroscopy with microscopic resolution allows to investigate the effect of Be

doping in different regions of the NW. Figure 2 shows Raman spectra of undoped, and two samples of

Be-doped NWs (namely Be1 and Be2) collected from three different positions along the NW axes. The

decomposition of the experimental data in Lorentzian peaks of undoped NWs in figure 2(a) reveals the

transversal optical (TO), the surface optical (SO) and the longitudinal optical (LO) vibration modes of

ZB GaAs centered at 268, 272 and 288 cm-1, respectively. The SO modes are commonly observed in

nanostructures with high surface-to-volume ratio. Its frequency depends on the surrounding medium

[24] and density of defects, such as twin planes [25]. It was also reported that doping does not affect



8

SO mode frequency and linewidth [25]. It is worth mentioning that LO is a forbidden mode in Raman

backscattering from (110) surface of ZB crystals [26], but this selection rule is relaxed to some extent

for NWs due to finite size effects and hexagonal geometry of the cross section [24]. This allows to

analyze the screening of the LO mode due to the presence of free carriers caused by Be incorporation

on the NWs lattice [27].

In doped polar semiconductors, such as GaAs, the LO mode can couple to collective oscillations of

free carriers producing a coupled-phonon-plasmon mode (CPPM) [28]. The line shape analysis of the

CPPM can be used to estimate the free carriers concentrations and holes mobility for p-type GaAs

epilayers [28,29] and NWs [18,27,30,31]. The Raman scattering intensity of the CPPM can be described

by [32]:

(߱)ܫ = Γ௣߱௣[்߱ை߱ܣ
ଶ (1 + (ܥ − ߱ଶ]ଶ ⁄ܦ                                                                                (1)

With:

ܦ = ൣ߱ଶ(߱௅ை
ଶ −߱ଶ) − ߱௣ଶ(்߱ை

ଶ −߱ଶ) + Γ௣߱ଶ൧ଶߛ + ൣΓ௣߱(߱௅ை
ଶ − ߱ଶ) + ൫߱௣ଶ߱ߛ − ߱ଶ൯൧ଶ        (2)

In this formulation, ωTO and ωLO are the TO and LO wavenumbers of an undoped reference sample

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 [33] and .is the natural LO mode damping constant ߛ

The hole mobility ௣ can be calculated from the plasmon-damping constantߤ Γ௣ = ݁ ௣݉௣ߤ
∗⁄  and the free

carrier concentration p is obtained from the plasma oscillation frequency of the free carriers

߱௣ଶ  = ଶ݁݌ ߳଴߳ஶ݉௣
∗ൗ . The remaining symbols have the usual meanings: e is the elementary electron

charge, mp* is the hole effective mass, ε∞ is the high-frequency dielectric constant for GaAs and ε0 is

the vacuum permittivity.

Figures 2(b) and 2(c) show Raman spectra measured at three different positions of representative

Be1 and Be2 NWs respectively. The figures include the spectral components related to TO, SO and

CPPM modes that best fit the experimental data. On the right side are the corresponding SEM images
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indicating the region of the NW from where Raman spectra were measured. The TO peak positions and

linewidths are consistent with the undoped sample and the SO position is in accordance to the NW

diameters and stacking faults/twin plane densities [24,25] observed in the HR-TEM images. The

spectral position and linewidth of the CPPM mode is dependent on the carrier concentration and

mobility [28]. The Raman peak at 256 cm-1 observed at the root section (P1) of Be2 NW in figure 2(c)

corresponds to E2
H TO mode of WZ phase of GaAs [34] which is consistent with the results from the

HR-TEM in figure 1(l).
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Figure 2. Raman spectra of (a) undoped, (b) Be1, (c) Be2 GaAs NWs, and (d) Be-doped GaAs TF samples.

The spectra P1, P2, and P3 were collected from the regions indicated in the SEM pictures of the right sides of (a)-

(c). The scale bars in the SEM pictures are 1 μm.
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In order to evaluate the fit method applied to the Be1 and Be2 NWs, we analyzed the Raman spectra

of TF samples considering the contribution of CPPM calculated through Eq. (1) and comparing the

results with the Hall Effect data. The results are summarized in figure 3 for the carrier concentration

(figure 3(a)) and the hole mobility (figure 3(b)). The carrier concentrations obtained from Raman and

Hall Effect experiments in figure 3(a) are in good agreement, whereas the hole mobilities in figure 3(b)

are clearly underestimated by Raman spectroscopy when compared with the Hall effect data. Similar

results were previously reported for Zn-implanted GaAs [28]  and p-type GaP [35]. In Ref. [35] the

differences between values of hole mobility estimated by Raman and Hall effect are attributed to the

contributions of several other factors that may cause an apparent decrease in the hole mobility at room

temperature estimated by Raman spectroscopy, such as non-polar optical and acoustic phonons, polar

optical phonons and ionized impurities [35,36].

Figure 3. (a) Carrier concentration and (b) Hole mobility comparison between Hall effect data and fit of CPPM

peak from Raman spectra of TF samples. The symbols represent the fit results and the solid lines, indicating one-

to-one relation between Hall and Raman values, are for illustrational purposes.

By applying the same fitting procedure to the spectra in figures 2(b) and 2(c), we calculated the

charge carrier concentrations and the hole mobilities of three representative NWs of each nominal

doping level. The results of carrier concentration and hole mobility are presented in figures 4(a) and

4(b), respectively. The Raman spectra of the additional NWs from Be1 and Be2 samples are included

in figure S3 in the Supplementary Data. The dashed lines in figure 4(a) represent the nominal doping
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level of Be1 and Be2 samples. The hole concentrations from the NWs in figure 4(a) ranges from 8×1017

to 1.6×1018 cm-3 for Be1 NWs (nominal 2×1018 cm-³) and from 3.4×1018 to 1.1×1019 cm-3 for Be2 NWs

(nominal 2×1019 cm-³). There is no consistent spatial dependence of Be concentration that would

suggest a doping profile along the NW axis, but the variation of values obtained for different axial

positions are rather large for all investigated NWs. Some uncertainty of the fitting results is expected

due to overlapping of TO, SO and CPPM. As the dopant concentration increases, the CPPM mode gets

broader and shifts to frequencies closer to the TO mode of ZB GaAs [28], which increases the

uncertainty of the line shape analysis in which Eq. (1) is used as a component for spectral

decomposition. Nevertheless, the fitting results were consistent with the same methodology applied to

the thin film samples supported by Hall Effect measurements in figure 3.

Figure 4. (a) Hole concentration and (b) hole mobility, obtained from the fit of CPPM lineshape to the Raman

spectra for three different NWs extracted from Be1 and Be2 samples. The NW1 data points in (a) and (b)

corresponds to the spectra presented in figures 2(b) and (c), respectively. The spectra corresponding to the NW2
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and NW3 data points are shown in figure S3. The symbols represent the different positions of the NWs from

which the Raman spectrum was measured: bottom region (P1), center region (P2) and tip region (P3). The grey

dashed lines (a) represent the nominal Be concentration of each sample.

The carrier concentrations of Be1 and Be2 NWs are shown in figure 4(a) and are compared with the

nominal dopant concentrations, which are indicated by the dashed grey lines. On average, the carrier

concentration of Be1 NW is 60% from the nominal doping whereas Be2 NW present 35% of the

nominal doping level. Similar incorporation efficiency of Be dopant in self-catalyzed GaAs NWs has

been reported [30]. It is important to highlight that the Be fluxes used for nominal doping of the NWs

are based on Hall Effect data obtained from the (100) oriented GaAs epilayers and the Be incorporation

rates are expected to be different for VS incorporation at the (110) oriented NW sidewalls and for the

VLS mechanism through the droplet [18–20].  Moreover, the results from Be1 and Be2 NWs suggest a

reduction of the incorporation efficiency at higher Be flux. On the other hand, the hole mobilities [figure

4(b)] obtained for Be1 NW are similar to the values from Raman spectroscopy of the TF samples having

similar carrier concentration. However, the values obtained for the mobility of Be2 NWs were

significantly lower than what is expected for similar dopant concentration of bulk Be-doped GaAs at

room temperature. Similar result was also observed in Be-doped GaAs NWs and ascribed to scattering

at the surface [27] that would considerably decrease the mean free path of the carriers. It should be

noted that the charge carriers in highly doped NWs are expected to be more affected by the surface due

to the small depletion layer width [18].

3.3 Transport properties

The spatial dependence of the transport properties of individual Be-doped NWs was investigated by

manufacturing evenly spaced contacts and analyzing the IV characteristics of each channel along the

NWs. Figure 5(a) shows representative IV curves from Be1 sample and the corresponding SEM image

of the device in figure 5(b). The asymmetric IV indicate a Schottky-like behavior of the metal-

semiconductor contacts. The current values in different positions along the Be1 NW in figure 5(a)

indicate an increase in the values of the Schottky barrier heights in the contacts from the bottom (AB
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channel) to tip (CD channel) of the NW. This behavior can be associated to a dopant concentration

profile which decreases from the root toward the tip of the NW. Such behavior was observed

consistently for all investigated Be1 NWs, as shown in figures S4(a) and S4(e) in the Supplementary

Data. It should be noted that most of the Ga droplets were removed in the contact fabrication process,

unlike in the case of the NW shown in figure 5. In those cases, the bottom end of the NW was identified

from the specific off-cut shape formed when the NWs were harvested from the substrate. The insets in

figure 5(b) show higher magnification SEM pictures of the bottom (contact A) end with the off-cut

shape and tip end (contact D) of the NW. More details can be found in figures S4, S5 and S6 in the

Supplementary Data.

Figure 5. (a) IV characteristics of different channels along Be1 NW. (b) An SEM image of measured device. Each

channel in (a) corresponds to a pair of contacts as indicated in (b), with A being at the bottom and D at the tip

region of the NW. The scale bar in (b) is 1 μm. The insets in (b) show higher magnification SEM pictures of the

bottom (contact A) and tip (contact D) of the NW.

Figure 6 shows similar IV curves for Be2 NWs. In contrast to Be1, the IV curves are linear and

exhibit smaller differences in the current values between different channels. This also confirms that the

surface passivation by ammonium polysulfide and the choice of the metal layers used for device

processing were successful in achieving ohmic contacts to p-GaAs NWs. The bottom (channel AB) and

tip (channel CD) parts of the NW without the Ga droplet in figure 6(b) were identified by the same

method previously described. The insets in figure 6(b) show higher magnification SEM pictures of the
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bottom (contact A) end with the off-cut shape and tip end (contact D) of the NW. The slope in the IV

curve depends on both contact resistance and semiconductor resistivity. Therefore, in the following we

present another transport experiment for distinguishing these two values.

Figure 6. a) IV characteristics of different channels along Be2 NW. (b) SEM image of measured device. Each

channel in (a) corresponds to a pair of contacts as indicated in (b), with A being at the bottom and D at the tip

region of the NW. The scale bar in (b) is 1 μm. The insets in (b) show higher magnification SEM pictures of the

bottom (contact A) and tip (contact D) of the NW.

The ohmic character of the IVs from Be2 NWs allowed us to estimate simultaneously the contact

specific resistance and the semiconductor resistivity by fabricating five electrical contacts with

increasing channel length along the NW axial direction, also known as transmission line model (TLM)

geometry [37]. In this configuration, the total resistance RT of each channel was obtained from the slope

of the IV curves and plotted as a function of channel length, the NW resistivity ρs and transfer length

LT were then obtained by fitting the pairs (RT, L) using the relation [37,38]:

(ܮ)்ܴ = ఘೞ
గ௥మ

ቀ2்ܮcoth (ௐ಴
௅೅

) + ܮ ቁ                  (3)

Where WC is the contact width and r is the NW radius obtained by SEM imaging of the devices after

transport measurements. This equation format was chosen over a linear fit of the experimental points to
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account for the reduced contacts width used in our devices due to NW length limitations [37]. The

specific contact resistance ρc can be obtained from the equation:

௖ߩ = ଷ
ଶ
ఘೞ
௥
ଶ்ܮ                  (4)

Where the pre-factor 3/2 accounts for the fact the metal contact layer is not covering the whole NW

surface [37]. The specific contact resistance obtained from TLM devices allowed us to calculate the

nanowire resistivity of the devices similar to presented in figure 6(a) by using equation (5):

்ܴ = ௌߩ
௅
஺

+ 2ܴ஼                  (5)

Where A is the hexagonal cross-section area of the NW.

Figure 7(a) shows the IV of different channel lengths of Be2 NW in the TLM geometry, the inset

shows the SEM picture of the device obtained after transport measurements. The total resistance of the

longer channel (L = 1.10 μm) was unexpectedly smaller than the shorter center channels most likely as

a result of the contact overlap with one of the ends of the NW, resulting in smaller contact resistance.

Therefore, this data point is omitted from the fitting procedure. The fitting to the experimental data in

figure 6(b) resulted in nanowire resistivity of ρS=0.027 Ω∙cm and specific contact resistance of

ρ஼=4.5x10ି଺ Ω∙cm², the transfer length resulting from the best-fit values was LT = 230 nm. Based on

the values of ρ஼ obtained, the total contact resistance for each channel is 18 kΩ on average. Comparable

results of contact resistance were previously reported for Zn-implanted p-type GaAs NWs with similar

metal contact multilayer [39] and Be-doped GaAs thin films [40].
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Figure 7. (a) IV characteristics of Be2 NW measured in TLM geometry. The inset shows an SEM image of the

measured device. The scale bar is 500 nm. (b) Total resistances of individual channels as a function of channel

length. The square points are obtained from the linear fit to the IV curves in (a) and the red dashed line is the fit

result using equation (3).

With the specific contact resistance value now determined, we are able to calculate the semiconductor

resistivity for each channel of the evenly spaced contacts shown in figure 6 (NW1) and other NWs from

the same sample (NW2 and NW3, figure S5 of Supplementary Data) using equation (6). The NW

diameters were measured by SEM images obtained after transport measurements and a hexagonal cross-

section area was considered. Figure 8 shows the resistivity from channels AB (bottom region), BC

(center region) and CD (tip region) of NW1, NW2 and NW3. The NW resistivity obtained from TLM

is represented by the dashed line for comparison. The resistivity values range from 0.023 Ω∙cm to

0.033 Ω∙cm. It should be noted that the TLM calculations are based on nanowires with circular cross-

sections [37] whereas the resistivity was calculated assuming more realistic hexagonal cross section for

the devices with evenly spaced contacts. This explains slight deviation of the resistivity values obtained

from the two methods, as can be seen from figure 8. Nevertheless, the resistivity calculated for the

evenly spaced contacts allows us to investigate the Be concentration gradient in the axial direction for

Be2 NWs. While there is some NW-to-NW variation in the resistivity values, we consistently observe

lower resistivity for the upper part than for the lower part of the NW, indicating axial Be concentration

gradient which increases towards the tip, which is contrary to what was observed for Be1.
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Figure 8. Nanowire resistivity of Be2 NWs from devices similar to presented in figure 6(a). The experimental

points were calculated using equation (5) for each channel along the NW length, with A being at the bottom and

D at the tip region of the NW. The dashed line indicates the NW resistivity value obtained by TLM.

From the IV analysis of the NW devices in figures 5(a), 6(a) and 8 it is clear that the Be dopant

gradient is opposite in Be1 and Be2 samples grown with lower and higher Be flux, respectively. The

IV data of Be1 indicates a dopant gradient with decreasing concentration from bottom to tip. The

thickness of the VS grown shell is larger at the bottom than at the tip region of the NW, as the NWs

grow constantly in thickness but are not tapered [13,41]. Thus, in sample Be1, the Be dopants

incorporate predominantly through the NW sidewalls via VS growth, as reported in [18]. Predominant

Be incorporation via VLS mechanism through the Ga droplet would result in a dopant gradient which

increases from bottom to tip [19,20], as the thickness of the VLS grown core increases from bottom to

tip [41]. This is indeed what we observe for Be2. Therefore, we conclude that the predominant dopant

incorporation pathway depends on the Be flux so that lower Be fluxes favorably incorporate via VS

growth and higher fluxes via VLS growth. In case of the lower Be flux, the VLS incorporation can be

limited by capture of Be atoms only by direct impingement to the Ga droplet, while the axial VLS

growth rate is more than 10-times larger than the nominal growth rate of 0.3 µm/h for which the nominal

doping level is calibrated, thus leading the predominant VS incorporation. As for the high Be flux, it

should be noted that, according to the Raman results shown in figure 4(a), the total incorporation

efficiency decreases when the Be flux is increased. Therefore, the difference between the dopant

gradients of Be1 and Be2 NWs is more likely due to a reduction of the VS incorporation than an increase
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of the VLS incorporation when the Be flux is increased. Such saturation of the VS incorporation can be

attributed to the onset of Be segregation on the GaAs surface. In the planar VS growth of Be-doped

GaAs, the segregation at high Be fluxes causes an increase of surface roughness [42–44], which is

indeed observed in figure 1(k) in the TEM micrographs of the NWs grown with high Be flux. When

planar layers are grown by VS with typical 1 µm/h growth rates, the segregation effects are expected at

high doping levels in the 1019-1020 cm-3 range. However, the radial growth rate on the NW sidewalls by

the VS mechanism is significantly lower and, according to the thermodynamic model presented in

Ref. [43], low growth rates lead to an onset of segregation at lower doping levels. The same model also

predicts that the onset of Be segregation depends on the As flux and growth temperature, which further

emphasizes the influence of growth conditions on the Be incorporation in self-catalyzed GaAs NW

growth.

4. Conclusions

We have investigated the effect of Be-dopant incorporation in self-catalyzed GaAs NWs using a

lithography-free fabrication technique of Si/SiOx templates. The presence of Be impurities was found

to suppress the formation of twin planes and stacking faults in the NWs. Using spatially resolved single-

NW Raman spectroscopy and transport characterization, we were able to assess the dopant

incorporation and axial dopant gradients formed in NWs grown with higher and lower Be fluxes. We

have shown that with low Be flux the dopant concentration decreases towards the NW tip, while for

high Be flux the gradient is opposite. These results suggest that the Be dopants incorporate

predominantly via VS growth at the NW sidewalls with low Be flux, while the relative contribution of

the VLS mechanism becomes more significant when the Be flux is increased.
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1. Nanowire-droplet contact angle statistics

Figure S6 shows the post growth Ga droplet contact angle statistics analysis of undoped, Be1 and

Be2 NWs. The contact angles were measured from SEM images of the lateral view of 50-70 NWs from

each sample. All the SEM images were obtained using the same electron acceleration voltage, working

distance and magnification. The NWs were oriented in such way that the (110) facets were facing

towards the in lens detector of the SEM. The mean values of contact angles and the standard deviations

for undoped, Be1, and Be2 NWs are 127.8°±5.3°, 123.5°±4.6° and 126.4°±6.2° respectively.

Figure S9: Droplet contact angle statistics of (a) undoped, (b) Be1 and (c) Be2 NWs. The insets show SEM
images of representative NWs from each sample and the scale bars correspond to 100 nm.

2. Transmission Electron Microscopy

Figure S1 shows the selected area electron diffraction patterns (SAED) from the same position from

of the HR-TEM images of undoped, Be1 and Be2 NWs in figure 1 of the main text. The SAED in

figures S1(d), S1(h) and S1(l) show the high disorder of the bottom region of undoped, Be1 and Be2

NW respectively. The SAED of the center and tip regions of Be1 and Be2 NWs further confirm the

lower density of twinned ZB GaAs in comparison to the undoped reference NW.
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Figure S10: Low magnification HR-TEM images and SAED patterns of (a)-(d) undoped, (e)-(h) Be1 and (i)-
(l) Be2 NWs. The red circles in (a), (e) and (i) indicate the position in the NW from where the SAED patterns in
(b)-(d), (f)-(h) and (j)-(l) were obtained.

3. Raman spectroscopy

Figure S2 shows additional Raman data of similar Be-doped NWs. The SEM images on the right side

of the spectra indicate the axial position of each NW from where the spectra were measured. The plasma

frequency and damping constant obtained from the fit of the CPPM peak of each position in figure S2

were used to calculate the carrier concentrations and hole mobilities presented in figures 4(a) and 4(b)

respectively.
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Figure S11: Raman spectra from three different axial positions of Be-doped NWs. (a) Be1 NW2, (b) Be1

NW3, (c) Be2 NW2 and (d) Be2 NW3. The spectra P1, P2, and P3 were collected from the regions indicated in

the SEM pictures of the right sides of (a)-(d). The scale bars in the SEM pictures are 1 μm.
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4. Transport properties

Figures S3 and S4 show additional IV and SEM data from devices with four evenly spaced contacts

for NW samples Be1 and Be2, respectively. The IVs from Be1 NW2 and NW3 in figures S3(a) and

S3(e) exhibit similar trend to the data presented in figure 5: asymmetric IV and different current values

in different positions along the NWs. This behavior is associated to an increase in the values of the

Schottky barrier heights in the metal-semiconductor contacts from bottom (AB channels) to tip (CD

channels) of the NWs. Figures S4(a) and S4(e) show IV for Be2 NW2 and NW3 respectively. For these

devices, the resistivity of the AB, BC, and CD channels were obtained from equation (5) and presented

in figure 8.

As was discussed in Section 3.3, the Ga droplets were removed from some of the NWs during the

contact fabrication process. The bottom and tip ends of the NWs in the devices shown in figures S3(b),

S3(f), S4(b) and S4(f) were identified by the off-cut shape formed at the bottom end of the NWs, which

was a consistent characteristic of the undoped and Be-doped NWs. This characteristic feature was

observed in the TEM micrographs as well as in the SEM images of NWs used for Raman spectroscopy.

Higher magnification SEM of the bottom region of the NWs are shown in figures S3(c), S3(g), S4(c),

S4(g) and the tip region in figures S3(d), S3(h), S4(d) and S4(h). This trend in the NWs allowed us to

identify with confidence the bottom and tip ends of the NWs, thus corroborating the results indicating

different Be-dopant incorporation mechanisms discussed in the main text.
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Figure S12: IV from Be1 NW2 (a) and NW3 (e) and the corresponding SEM images from the measured devices
in (b) and (f). The A contact is close to the bottom and D contact close to the tip of the NW. The higher
magnification SEM images of the NW ends were used to identify the bottom region of the NWs in (c),(g) and the
tip region in (d) and (h). The scale bars are 1 μm in (b) and (f) and 250 nm in (c), (d), (g) and (h).

Figure S13: IV from Be2 NW2 (a) and NW3 (e) and the corresponding SEM images from the measured
devices in (b) and (f). The A contact is close to the bottom and D contact close to the tip of the NW. The higher
magnification SEM images of the NW ends were used to identify the bottom region of the NWs in (c),(g) and the
tip region in (d) and (h). The scale bars are 1 μm in (b) and (f) and 250 nm in (c), (d), (g) and (h).
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Since the off-cut at the bottom end of Be2 NW2 in figure S4(c) is not as evident as for the other NWs

presented in figures S3 and S4, we show additional SEM images of Be2 NW2 from different

perspectives in order to further confirm the bottom and top ends of the NW. Figures S5(a)-(d) show 30°

tilted SEM pictures from a perspective perpendicular to the NW axis, obtained by properly aligning the

NW in respect to the SEM detector and tilting the sample holder. From this perspective, we are able to

identify the off-cut in figures S5(a) and (b) from the A contact in figure S4(b), which was ascribed to

the bottom end of the NW. In contrast, figures S5(c) and (d) from D contact exhibit a flat surface at the

end of the NW with residues of the Ga droplet, similar to observed in figure S4(h) from Be2 NW3,

giving further confirmation that it was correctly ascribed to the top end of the NW. Figures S5(e)-(g)

show additional SEM images of the bottom end (A contact), obtained by aligning the NW in a 45° in

relation to the SEM detector and tilting the sample holder by 30°. The evidenced off-cut in figure S5(g)

gives the necessary confirmation that the contact A indeed corresponds to the bottom end of the NW.
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Figure S14: High magnification SEM images of NW end morphologies close to the A and D contacts of Be2
NW2 in figure S3 (a)-(d). The images were obtained from different perspectives by properly aligning the NW axis
in respect to the SEM detector and tilting the sample holder by 30°. A perspective perpendicular to the NW axis
is shown for the bottom region (A contact) in (a) and (b) and for the tip region (D contact) in (c) and (d). Additional
perspectives on the A contact obtained by aligning the NW in a 45° angle in relation to the SEM detector and
tilting the sample holder stage by 30° are shown in (e)-(g). The scale bars correspond to 100 nm.


