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We have investigated in situ Si doping of InAs nanowires grown by molecular beam epitaxy from

gold seeds. The effectiveness of n-type doping is confirmed by electrical measurements showing an

increase of the electron density with the Si flux. We also observe an increase of the electron density

along the nanowires from the tip to the base, attributed to the dopant incorporation on the nanowire

facets whereas no detectable incorporation occurs through the seed. Furthermore, the Si incorporation

strongly influences the lateral growth of the nanowires without giving rise to significant tapering,

revealing the complex interplay between axial and lateral growth. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809576]

InAs nanowires (NWs) have been extensively studied

for the possibilities to fabricate devices using a low bandgap

material, with potential applications for high-performance

low-power electronics,1,2 high-speed electronics,3,4 infra-red

opto-electronics,5,6 terahertz detection,7 as well as for the

strong g-factor and large spin-orbit interaction for spin-

tronics.8 Most of the existing devices are using non-

intentionally doped NWs, relying on the accumulation layer

formed at the surface of InAs for finite conduction, but giv-

ing relatively high and uncontrolled resistance due to surface

effects.9 Doping of NWs is essential for the realization of

electronic and opto-electronic functional devices. In particu-

lar, controlled n-type doping is an important issue in order to

reduce the contact resistance of NW transistors and improve

the performances2 of vertical wrap-gate transistors,10,11 tera-

hertz detectors,7 or quantum devices.

n-type doping of InAs NWs has been studied using

different dopants and techniques, from gold-assisted metal-

organic vapor-phase epitaxy (MOVPE),12,13 chemical beam

epitaxy (CBE),12,14 as well as gold-free MOVPE using selec-

tive area epitaxy.15,16 However, very few studies were aimed

at understanding the doping mechanism. Very recently, stud-

ies on MOVPE-grown InAs NWs have demonstrated incor-

poration of Si atoms in the NW core through the gold seed

due to the large solubility of Si in gold,17 in contrast to what

has been reported using CBE, where mainly radial doping

was observed.12 n-type doping of gold-seeded InAs NWs

grown by molecular beam epitaxy (MBE) is missing, in con-

trast to p-type doping.18

Here, we investigate Si-doping of InAs NWs grown by

MBE from gold seed particles using the vapor-liquid-solid

mechanism. Si is one of the preferred donors for arsenides

and is almost ideal in MBE growth, due to a low vapor pres-

sure (compared, for instance, with Te), a low diffusion coef-

ficient and a sticking coefficient near unity. By using NWs

contacted with several electrodes in a back-gated field effect

transistor (FET) geometry, we determine the carrier concen-

tration at different positions along the NWs. We observe that

the electron density increases linearly from the tip of the

NW towards the base, in contrast to a previous study on

Si-doped InAs NWs using MOVPE.17 We demonstrate that

this inhomogeneous doping is due to incorporation of Si on

the side walls, with negligible incorporation through the gold

seed. The Si flux also affects the lateral growth of the NWs,

but without significant tapering during growth, which raises

the question of the incorporation mechanism of the dopants

and their influence on the growth of doped NWs using

metal-seeded MBE.

All NWs were grown under the same conditions except

for nominal Si atomic flux and growth durations, when speci-

fied. Growth seeds were pure size selected gold aerosol nano-

particles of 40 nm diameter19 deposited on an InP(111)

substrate. As a reference we also used Au droplets self-

formed by dewetting at 525 �C a nominally 0.2 nm-thick Au

film deposited by electron-beam evaporation. Growth was

performed at a substrate temperature of 410610 �C under

V/III ratio below 2 to insure maximal axial growth rate and

minimal parasitic radial overgrowth.20 As described in

Fig. 1(e), growth was initiated by a short InP stem for 15 min,

followed by an undoped InAs stem for 5 min. Then the Si

flux is added during a 55 min long step, before cooling down

to room temperature under As2 flux. Some samples have a

more complex doped/undoped section with different growth

durations, as specified later. We have checked that both short

stem segments get buried by concomitant parasitic planar pol-

ycrystalline growth (700650 nm thick for all growth runs, as

measured from cross-section images and shown in Fig. 1(d)).

Three values of the Si flux have been used, which will be

referred as low (2:1� 1010 at: cm�2 s�1), medium (3:6� 1010

at: cm�2 s�1), and high (6:9� 1010 at: cm�2 s�1) doping

levels.

The NWs were inspected after growth using a field-

emission scanning electron microscope (SEM), see Figs.

1(a)–1(c). Figure 1(f) shows that, as far as morphology isa)renaud.leturcq@isen.iemn.univ-lille1.fr
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concerned, the Si flux mainly affects the lateral growth lead-

ing to a linearly increasing diameter, while the axial growth

rate seems to be almost not affected. A lateral overgrowth

for Si-doped InAs NWs was already observed using CBE

and MOVPE.12,15 We note however that for MOVPE, the

larger lateral growth rate is correlated to a smaller axial

growth rate,15 which is apparently not observed in our case.

We do not observe any significant tapering, but the NWs

with highest Si flux show a thinner tip of about 0.8 to 1 lm

long, leading to a bottle-like shape. Such a shape has already

been observed for MBE-grown NWs as a consequence of fi-

nite diffusion length of adatoms on the NW side walls.20–23

In order to investigate the effect of Si-doping on the

electronic properties, back-gated NW FET devices where

fabricated by transferring the NWs to a highly doped Si wa-

fer to be used as a back gate covered by 225 nm of thermal

SiO2. The NWs were located using SEM at low magnifica-

tion and several contacts with 200 nm width and 500 nm

spacing were defined by electron beam lithography (see

Fig. 2(c)), followed by 30 s of O2 plasma ashing, passivation

using diluted (NH4)2Sx,
24 deposition of 20 nm Ti and 150 nm

Au using electron-beam evaporation and lift-off. The multi-

ple contacts geometry allows us to provide a local informa-

tion along the NW.25–27 In order to obtain sufficient statistics

and resolution, measurements from 3 to 10 devices contain-

ing 3 to 5 contacts are assembled for each growth. Electrical

measurements were performed in a vacuum probe station.

Using three- and four-contacts measurements we checked

that the contact resistance is less than 150 X, which is much

smaller than typical NW resistance, and the following meas-

urements are thus done in a two-contacts geometry, applying

a bias voltage VSD between two consecutive contacts and

measuring the current ISD.

The conductivity r of each part of a NW is deduced

from the low-bias resistance R assuming homogeneous cur-

rent flow through the section of the NW, r ¼ 1=R� L=S,

where L is the length between two contacts and S ¼ 3
ffiffi

3
p

8
D2 is

the area of the hexagonal section of the NW with D the “tip-

to-tip” distance of the hexagon. The conductivity of a set of

NWs with low doping is shown in Fig. 2(a) as a function of

the distance to the gold seed d. We observe a linear increase

of the conductivity from the gold particle towards the bottom

of the NWs. This behavior has been observed for all doped

NWs, and is not observed for undoped NWs. We first

checked that this change in conductivity is not related to any

change in NW diameter, as shown in Fig. 2(a).

In order to identify the origin of the variation of the con-

ductivity vs. d, ISD vs. back-gate voltage VBG characteristics

were measured in the range �15 to þ15 V at VSD ¼ 10 mV

(see Fig. 2(d)). The maximum transconductance gm ¼
maxð dISD

dVBG
Þ and the threshold voltage Vt are deduced by fitting

the linear part of the ISD � VBG characteristics (dashed lines

in Fig. 2(d)) and averaged for increasing and decreasing VBG

to account for an hysteresis due presumably to charging of

traps in the oxide or at the NW-oxide interface.28 The elec-

tron density is calculated following n ¼ CoxVt=ðjejSÞ, with e
the electron charge and Cox the oxide capacitance. We note

here that n is thus an average value over the section of the

FIG. 1. (a)-(c) SEM pictures with a tilt angle of 30� of as grown NWs for

different Si flux: (a) undoped, (b) low and (c) high doping. (d) Cross-section

SEM picture of as grown NWs with medium doping level. The scale bars

are 500 nm. (e) Scheme of the growth sequence. (f) Average NW diameter

and length as a function of Si flux, extracted from measurements over 10

NWs using SEM pictures similar to (a)-(c). The diameter is measured about

1 lm above the surface, and the length measured from the surface to the top

of the gold particle. Errors bars are the standard deviations. The solid line is

a linear fit of the diameter vs. Si flux.

FIG. 2. (a) Conductivity r (filled dots) and NW diameter D (open triangles),

and (b) electron density n (filled dots) and FET mobility lFET (open trian-

gles) extracted from ISD � VBG characteristics, as a function of the distance

to the gold seed d for a set of NWs grown at low doping. The solid line in

(a) is a linear fit of r vs. d. The error bars result from the resolution of the

pictures used for extracting the diameter. (c) SEM picture of a typical NW

contacted with five contacts, with the distance d to the gold seed represented.

The scale bar is 500 nm. (d) Typical ISD vs. VBG characteristics at a fixed

VSD ¼ 10 mV taken for increasing and decreasing gate voltage for a NW

grown at low doping. (e) n vs. d for a set of undoped NWs. (f) n (filled dots)

and D (open triangles) vs. d for a set of NWs grown at high doping. In (b),

(e), and (f) the solid line is a fit of n vs. d, and the dashed line represents the

average electron density in undoped NWs (see panel (d)). (g) Slope of n vs.

d (extracted from linear fit) as a function of Si flux. Error bars are the 95%

confidence bounds of the linear fit.
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NW. For the capacitance, we use the formula Cox

¼ að2pe0e?r Þ=cosh�1ððtox þ
ffiffi

3
p

2
r?Þ=r?Þ, with e?r ¼ 2:53 and

r? ¼ 0:42D for an hexagonal-shaped NW lying on SiO2 and

half-surrounded by vacuum,29 and the coefficient

a ¼ 0:60 takes into account screening by the source-drain

contacts separated by L¼ 500 nm.30 The FET mobility is

deduced from gm using lFET ¼ Lgm=ðCoxVSDÞ.
As shown in Fig. 2(b), the main origin of the variation

of the conductivity as a function of the distance to the tip is

the variation of the electron density, while the mobility

remains almost unchanged. This change in electron density

is not observed for undoped NWs, as shown in Fig. 2(e),

where an average electron density of 3� 1017 cm�3 is attrib-

uted to the surface pinning of the Fermi level in the conduc-

tion band. Similar linearly increasing electron density as a

function of d is observed for all Si fluxes tested in this study,

as shown, e.g., in Fig. 2(f) for the highest one. An interesting

behavior observed on these NWs with a bottle-like morphol-

ogy is that only the thicker part of the NW is doped while

the thinner top part remains at the doping level of undoped

NWs. Figure 2(g) shows that the slopes of n vs. d increase as

a function of the Si flux, which is a proof of the efficient in
situ Si-doping of InAs NWs by MBE.

In order to investigate the origin of the inhomogeneous

carrier density, we have grown two types of NWs with two

sections. In type I, first an undoped section is grown fol-

lowed by a doped section. In type II, we start first with a

doped section, followed by an undoped one (see Fig. 3(a)).

For the doped section, we have used both medium and high
doping, showing similar trends. In the following, we present

the results obtained for high doping. First, we note in

Figs. 3(b)–3(d) that both growths produce NWs with negligi-

ble tapering, except for a thin tip (bottle-like shape) as

already observed for high doping.

The measurements of electron density presented in

Fig. 3(e) show that, when the undoped section is grown first

(type I), we find a high electron density in the nominally

undoped bottom part (more than 30 times larger than

undoped NWs). Furthermore, the electron density is constant

in the undoped section, and decreases in the doped section,

as emphasized by the two linear fits in Fig. 3(e). For type II

NWs, after the growth of a doped part, stopping the Si flux

removes any trace of doping (see Fig. 3(e)), showing that

there is no diffusion of dopants along the NW, nor transient

regime due to the seed.31 Surprisingly, we observe that the

NW diameter in the undoped part is larger than the one

obtained for undoped NWs, and we see no indication of di-

ameter change between both parts.

We first discuss the incorporation of dopants in our sys-

tem. For vapor-liquid-solid growth, dopants can be incorpo-

rated either from the metal seed,32,33 from the side walls of

the NW, or a combination of both. The high electron density

measured in the undoped part of type I NWs in Fig. 3(e)

shows that finite amount of Si is incorporated from the side

walls, as observed in Si-doped InAs NWs grown by CBE.12

Additionally, the absence of doping measured in the thinner

neck region of bottle-shaped NWs obtained for high doping

(see Fig. 2(f)) shows that negligible amount of Si is incorpo-

rated from the gold seed. This is confirmed in measurements

of type I NWs, where an even partial incorporation from the

seed would lead to an upward step in electron density when

passing from the undoped to the doped part, while we

observe a continuous decrease.

Another important result of our investigation concerns

the morphology of the doped NWs. It is clear that undoped

NWs have negligible lateral overgrowth, while doped NWs

have a larger final diameter, except for a final bottle-shaped

top part close to the seed particle, thus revealing that Si dop-

ing induces significant lateral growth but no tapering. We

suggest that in the case of optimised growth parameter and

absence of Si flux, nucleation on the wurtzite sidewalls is

largely cancelled and only axial growth exists. When Si is

incorporated at the sidewalls, it reduces the adatom diffusion

length, thus favoring a few nucleation events on the side-

walls. However, the homogeneous diameter observed for all

doped NW samples proves that step-flow is still the domi-

nant radial growth mechanism under these conditions.22,23

Sample II (a doped segment followed by an undoped seg-

ment), which shows an homogeneous large diameter up to

the top, even though the doped segment is only half of the

length, confirms that once initiated, taper-free step-flow

overgrowth is maintained while Si dopant flux is suppressed,

resulting in NWs with highly homogeneous diameters. It

also suggests that NW shape could evolve continuously, thus

hiding originally tapered shapes.

Finally, we discuss the possible origin of the linear

increase of the carrier density as a function of the distance to

the tip. Such a dependence is usually expected from incorpo-

ration of dopants from the side walls since the bottom of the

NW is longer exposed to the dopant flux compared to the

FIG. 3. (a) Scheme of the growth sequence for the NWs of types I and II:

type I with bottom grown undoped and the top grown with Si flux, and type

II with bottom grown with Si flux and top undoped. (b)-(c) Scanning elec-

tron microscope pictures with a tilt angle of 30� of as grown nanowires of

(b) type I and (c) type II for high doping. The scale bars are 500 nm long. (d)

Nanowire diameter as a function of position compared to the tip for two typ-

ical NWs of type I (filled diamonds) and type II (open triangles). (e)

Electron density n extracted from the threshold voltage as a function of the

distance d to the gold seed for NWs of type I (filled diamonds) and type II

(open triangles). The solid lines are linear fits of parts of each data set, and

the dashed line represents the average electron density in undoped NWs (see

Fig. 2(d)).
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top, as opposed to doping from the seed which usually leads

to increasing doping towards the tip.17,27,34 A first possibility

could be the growth of a doped shell with a decreasing thick-

ness from the bottom to the top.25,27 This scenario cannot

apply directly to our case, because we do not observe signifi-

cant tapering,35 although concomitant step-flow growth

could alter the final NW shape. Another possible mechanism

is the incorporation of dopants and diffusion towards the

core as a source of inhomogeneous doping without signifi-

cant tapering.36–38

In conclusion, we report on in situ Si-doping of InAs

nanowires using gas source MBE. We demonstrate the inho-

mogeneous doping mechanism, with an electron density

increasing from the nanowire tip towards its base, while no

significant tapering is observed. We attribute this result to

incorporation of Si from the NW side walls, with negligible

incorporation through the seed. The exact incorporation

mechanism leading to lateral doping with no tapering

remains unclear, but could be related to the step-flow growth

mechanism explaining radial growth with no tapering.

Future studies will aim at compensating for the axial carrier

concentration gradient, and modifying the incorporation

pathways between particle and sidewalls via growth parame-

ter tuning.
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