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The boron dopant distribution in Si nanowires grown by the Au-catalyzed chemical vapor deposition

is characterized by laser-assisted atom probe tomography. A convenient and an effective method

for performing the atom probe tomography of an individual nanowire is developed. Using this

technique, we demonstrate that when Si nanowires are doped with boron at high silane partial

pressure, the radial distribution of boron atoms is rather inhomogeneous. Much more boron atoms

incorporate at the periphery than in the center, with the concentration increasing by an order of

magnitude as the distance from the nanowire axis increases from zero to only 15 nm. A theoretical

model is presented that is capable of describing the observed spatial inhomogeneity of boron dopant.

We also consider different kinetic pathways of boron incorporation and discuss the values of

diffusion length and diffusion coefficients obtained by fitting the experimental data. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4714364]

I. INTRODUCTION

Growth and physical properties of Si nanowires (NWs)

have been studied extensively in recent years. In view of

many potential applications in nanoelectronics, investigations

of doping processes in Si NWs have been of major interest.1–5

Compared to other methods, the chemical vapor deposition

(CVD) of Si NWs via the Au-catalyzed vapor-liquid-solid

(VLS) mechanism6 is most advantageous. Indeed, the Au-

assisted CVD enables a high growth rate of Si NWs as well

as a precise control of doping precursor during growth. Char-

acterization of dopant spatial distribution in individual NWs

is very important for understanding the doping mechanisms

as well as the resulting electrical properties. Several methods

have been used for such characterization, for example, the

capacitance-voltage measurement of B-doped Si NW,7 the

Kelvin probe force microscopy of P-doped Si NW,8 and

the atom probe tomography (APT) of P-doped Ge NW.9 An

inhomogeneous dopant distribution in those NWs has been

recently found to be a common phenomenon, regardless of

NW shape. In particular, Koren and coauthors have demon-

strated that the concentration of P atoms in straight Si NWs

can decrease by two orders of magnitude from the NW side-

wall surface to the core.8 The authors hypothesized that P

atoms could diffuse directly from the vapor phase into the

body of Si NW, with an enhanced diffusion coefficient com-

pared to bulk. From their APT investigations, Perea and coau-

thors have shown that P atoms can migrate into the NW from

a conformal deposition layer on the tapered Ge NW

sidewalls. An inhomogeneous P distribution in strongly

tapered Ge NWs might be due to different dopant incorpora-

tion rates on the catalyst surface and the NW sidewalls.9

The aim of this work is to investigate the boron distribu-

tion in Si NWs grown by the Au-catalyzed CVD via the VLS

mechanism. We develop a convenient and an effective

method to perform the APT characterization of B-doped Si

NWs. Using this technique, we obtain quantitative informa-

tion on the boron spatial distribution in the 30 nm wide core

region and present the radius dependence of the doping

profile. A theoretical model is then developed to describe

the observed spatial inhomogeneity. We consider possible

kinetic pathways of boron incorporation and discuss the val-

ues of diffusion length and diffusion coefficients obtained by

fitting the experimental data.

II. APT TECHNIQUE

In order to ensure sufficient evaporation field on the

apex surface, a specimen analyzed by the APT should have

a tip diameter normally smaller than 100 nm. Therefore,

a properly manipulated individual Si NW is already an

excellent specimen for APT. To the best of our knowledge,

only the core region of NW samples can be investigated by

the APT, while the important information regarding the

outer region and the sidewalls are lost during the analysis.

a)Author to whom correspondence should be addressed. Electronic mail:
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This is well understood since the APT technique uses a

projection-based microscope with a planar and limited

detector.10,11 Considering the hemispherical geometry projec-

tion, the radius of analyzed NW core, r, can be written as12

r ¼ R sin½ðmþ 1Þ arctanðRD=LÞ�; (1)

where R is the NW radius, RD is the radius of detector, m is a

dimensionless geometric factor which equals to 0.6, and L is

the work distance between sample and detector. In our APT

instrumentation (CAMECA LAWATAP), the values of RD

and L amount to 3.85 cm and 9.8 cm, respectively. From

Eq. (1), the radius r is estimated as 0.56 R. It can be therefore

concluded that the NW surface is missing for the analysis

regardless of NW radius when the NW is perpendicular to

the detector. Knowing the exact diameter of the NW (by

SEM) before analysis and knowing the exact diameter of the

analyzed volume are essential for the understanding of the

volume reconstruction.

To prepare Si NWs for the APT investigation, several

methods have been proposed such as growth on Si micropil-

lars3,13 and the lift-out method.14 However, these methods are

very time consuming. Here, we have developed a more con-

venient and an effective sample preparation technique,

namely, welding a single Si NW on a supported tip (Fig. 1(a)).

The Si NW is first cleaved from its substrate midway between

the top and the bottom of the NW, a few micrometers below

the Au seed particle, then manipulated, and finally welded

directly onto a W tip in the scanning electron microscope—

focused ion beam—gas injection system (SEM-FIB-GIS)

manipulator workstation. The welding process is realized by

GIS in the electron beam-induced deposition (EBID) mode,

which is an effective in situ nano-scale deposition process

(Fig. 1(b)). The specimen analyzed by the APT should have

good electrical and mechanical properties. Therefore, (Me3)

MeCpPt and Pt are chosen as the deposition precursor and the

solder for reinforcement, respectively. The APT analyzing

conditions are set at 80 K with a chamber pressure of about

10�10 mbar. The laser is operating in the ultraviolet range

(343 nm) with a power of 2.8 mW. This enables an excellent

and controlled evaporation rate. By taking the advantage of

APT, different elements are detected and viewed in three-

dimensional (3D) space.

III. EXPERIMENTAL RESULTS

The Au diffusion from the droplet during growth is

known to produce a tapering effect on Si NWs.15,16 To

strongly reduce this effect, our Si NWs are synthesized at a

high SiH4 gas pressure of 0.65 mbar. B2H6 is used as the

dopant precursor with the fluxes ratio SiH4:B2H6 of 4000:1.

The B-doped SiNWs are grown at 500 �C for 20 min.

The Si NWs were first investigated by high resolution

transmission electron microscopy (HRTEM) to determine

their crystalline structure. For the first 600–1000 nm below

the Au droplet, we observe that NWs are covered by Au-rich

clusters. Such clusters are caused by the further growth of

the NWs from residual silane gas after the interruption of the

gas flow in the growth chamber and the subsequent diffusion

of gold due to the high-temperature inertia of the chamber.

Below this region, the sidewalls are not contaminated by

gold clusters, and a thin shell appears as we analyzed the

NWs further away from its apex. The shell becomes thicker

and thicker towards the cleaved end of the NWs, as lateral

growth occurs over a longer time at the bottom of the NWs.

In the region of the cleavage that is usually located 6–8 lm

below the Au droplet, the typical shell thickness is between

5 and 10 nm as shown in Fig. 2. In contrast to the core, the

shell appears polycrystalline (Fig. 2(b)). The defective shell

has already been attributed to an overgrown layer that con-

tains a heavy concentration of boron impurities.17 The high

resolution TEM images and dark-field TEM images do not

reveal any significant structural change of the shell structure

along the NW growth direction, suggesting that the axial

dopant concentration in the shell is constant.

In parallel to the TEM analysis, APT characterizations

were performed in the region of the cleaved end of the NWs

that were also located between 6 and 8 lm from the Au drop-

let. Figure 3(a) shows the SEM image of the cleaved portion

of a Si NW that has been analyzed by APT. This NW cleaved

8 lm below the Au droplet. It has a diameter of 58 nm, but

only the cylindrical core with a diameter of 30 nm was probed

due to the limitation explained above. Figure 3(b) shows a

FIG. 1. SEM image of a Si NW welded on a W tip. (a) Before and (b) after

Pt deposition by GIS. The bottom end of Si NW is at the top of the specimen.

FIG. 2. (a) TEM image of a portion of a Boron-doped Si NW obtained mid-

way between the top and bottom of the NW. (b) HRTEM image of the shell

structure.
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3D reconstruction of the core that extends from the cleavage

point over 116 nm along the growth axis. The good crystallin-

ity of the NW core is demonstrated from the resolution of

the inter-plane distance of 0.22 6 0.01 nm along the [112]

growth direction (Fig. 3(c)), consistent with the HRTEM

images of the core. In addition to the Si species, boron is also

detected. The concentration of boron impurities establishes at

1 � 1019 cm�3 in the centre of the Si NW and gradually

increases towards the edge of the core.

Before discussing the mechanisms of B incorporation, it

is important to verify that the observed non-uniform spatial

distribution shown in Fig. 3(d) is not due to atomic surface

migration under laser pulses during the APT measurements

as it is reported, for example, in Ref. 18. For checking the

surface migration effect, Si NWs were synthesized by “top-

down” etching of B-doped Si substrate (1� 1019 cm�3) using

the Langmuir-Blodgett assembly19 and were also investi-

gated by APT. SEM images of those NWs are presented in

Fig. 4(a). After welding a single NW on a W tip as described

above, the NW is polished by annular milling (SEM-FIB) to

decrease its initial diameter below 100 nm. The APT investi-

gation conditions are the same as in the previous case. The

3D reconstructions of a portion of Si NW are shown in

Figs. 4(b) and 4(c). As seen from Fig. 4, both the axial and

the radial B distributions are spatially homogeneous. This

homogeneity has also been confirmed numerically by statis-

tical Chi-square test for three different NWs. The mean B

concentration is calculated to be 1.1 6 0.1� 1019 cm�3. This

value is of the same order as the initial doping concentration

of the Si wafer (1� 1019 cm�3). Therefore, the observed in-

homogeneous B distribution in our VLS NWs is not caused

by the femtosecond laser illumination of APT but is estab-

lished during the Au-catalyzed CVD growth.

IV. MODEL AND DISCUSSION

One can consider three different pathways for the dopant

incorporation into a NW, as illustrated in Fig. 5. The first

FIG. 3. APT investigation of the core region of

an individual B-doped Si NW. (a) SEM image

of the cleaved part of the wire that was ana-

lyzed. (b) 3D tomographic reconstruction of B

atoms (blue dots) and Si atoms (black matrix)

in the core of a 58 nm diameter Si NW. The

analyzed volume is 30� 30� 116 nm3. (c)

Enlarged view of the 3D tomographic recon-

struction to show the Si inter plane distance of

0.22 6 0.01 nm. The arrows point in the growth

direction. (d) Cross-sectional view of radial B

distribution and schematic illustration of the

NW radial structure. The grey and green regions

represent the part of the Si NW that is not

probed and the silica layer, respectively.

FIG. 4. (a) Side view SEM image of Si NWs fabricated by etching a

B-doped Si substrate. (b) Side view and (c) cross-section view of the atomi-

cally resolved three-dimensional boron distribution in the core of a Si NW.

Boron atoms appear as blue dots, whereas the black matrix represents Si

atoms.

FIG. 5. Schematic illustration of three pathways of dopant incorporation

into a VLS NW: (1) VS mechanism; (2) VLS mechanism; (3) ID

mechanism.
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pathway (arrow 1) corresponds to the direct incorporation

from the vapor phase through the NW sidewalls. This is the

vapor-solid (VS) incorporation by the solid diffusion, consid-

ered previously, for example, in Ref. 8. The second pathway

(arrow 2) is the incorporation through the catalyst droplet in

the VLS fashion. As discussed in Ref. 9, the dopant profile

inside the NW should be governed by the VS incorporation

rather than by the VLS-like diffusion because of a higher

dissociative chemisorption rate on the NW sidewalls with

respect to the droplet surface. The VLS mechanism alone

cannot satisfactorily explain the observed spatial inhomoge-

neity of boron concentration that gradually increases towards

the NW sidewalls and is not considered below. In Fig. 5, the

third possible pathway is illustrated by arrow 3. This mecha-

nism involves two-dimensional (2D) interfacial diffusion

(ID) along the solid-liquid interface between the droplet and

the NW.

In the foregoing analysis, we ignore the VLS pathway 2

and consider only the VS or ID mechanisms 1 or 3. Assum-

ing the NW as being a cylinder of radius R, both mechanisms

can be described by the two-dimensional non-stationary

diffusion equation of the form

@C

@t
¼ 1

r

@

@r
rD
@C

@r

� �
: (2)

Here, C(r, t) is the radius dependent dopant concentration at

time t, r is the distance from the NW axis, and D is the dop-

ant diffusion coefficient.

We now discuss an important issue of selecting the

appropriate boundary condition to Eq. (2). The initial and

boundary conditions to Eq. (2) are generally given by

Cðr; t ¼ 0Þ ¼ 0;Cðr ¼ 0; tÞ <1;Cðr ¼ R0; tÞ ¼ MðtÞ: (3)

The initial condition at t¼ 0 is obvious. The first bound-

ary condition at r ¼ 0 yields a finite B concentration at the

NW axis. The second boundary condition is usually put at

the NW sidewalls (R0 ¼ R), with the function M increasing

linearly with time: M ¼ kt.4 The solution to Eq. (2) with the

boundary conditions given by Eq. (3) is readily obtained in

the form

Cðr; tÞ ¼ k t� R2 � r2

4D

� �
þ 2k

RD
R
1

n¼1
expð�a2

nDtÞ J0ðanrÞ
a3

nJ1ðanRÞ :

(4)

Here, Jk are the Bessel functions of the first kind of the

order k and an are the roots of the equation J0ðanRÞ ¼ 0.

These roots, along with the corresponding values of J1(anR)

and J0(anr), can be found, for example, in Ref. 20. Only the

first ten of an infinite set of Bessel function roots are taken

into account. This ensures a high accuracy of approximation

due to a strong decay of exponential terms of Eq. (4) with

increasingan.

The boundary condition with M ¼ kt can be justified by

considering the surface concentration of boron, c, on the NW

sidewalls, driven by the material influx from the vapor phase,

J: dc=dt ¼ J, yielding c ¼ Jt. However, the linear increase

with time can be broken by the boron desorption from the

sidewalls that should occur at the typical growth tempera-

tures around 500 �C. When the desorption is included, the

kinetic equation for c is changed to dc=dt ¼ J � c=s, with

sbeing the effective lifetime on the sidewalls. In this case,

the solution is given by c ¼ Js½1� expð�t=sÞ�, showing

that, rather than growing infinitely, the surface concentration

saturates at a constant value of Js at t� s. Therefore, a

more reasonable boundary condition at large enough t would

be a constant concentration

Cðr ¼ R0; tÞ ¼ C0 ¼ const: (5)

With this condition, the solution to Eq. (2) is given by

Cðr; tÞ
C0

¼ 1� 2

R0

R
1

n¼1
expð�a2

nDtÞ J0ðanrÞ
anJ1ðanR0Þ

: (6)

As already mentioned, our APT characterization is per-

formed within the NW core region of 15 nm radius. The

TEM characterization of the NW shows the existence of

three different regions: a core radius, a 5–10 nm thick shell

with a high concentration of boron impurities, and a 3–4 nm

thick SiO2 layer, yielding the total NW radius of about

29 nm. Therefore, the outermost region in our APT recon-

struction (15 nm) is located close to the interface between

the core and the overgrown shell. Assuming, in the first

approximation, that the boron concentration in the shell is

constant, we put the boundary condition given by Eq. (5) at

R0 ¼15 nm, with C0 being equal to the outermost boron con-

centration measured by APT (7.1� 1019 cm�3). With this

determination made, the fitting of boron concentration profile

depends on only one parameter, i.e., the squared effective

diffusion length of boron, Dt. Figure 6 shows the profile of

the average radial boron distribution measured with APT and

theoretical curves obtained from Eq. (6) at different Dt. The

best fit is obtained at Dt¼ 20.25 nm2.

If boron incorporates with the VS fashion, time t should

be equal to the exposition time of the analyzed section to the

FIG. 6. Measured B concentration (dots) and theoretical concentration pro-

files (lines) obtained from Eq. (6) at fixed C0¼ 7.1� 1019 cm�3, R0¼ 15 nm,

and different Dt (nm2).
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B precursor. The exposure time can be calculated as t¼ L/V,

where L is the distance between the cleavage point (the

analyzed section) and the Au droplet and V is the NW

growth rate. The length L is measured to be 8 lm and V
equals 1 lm/min in our CVD experiments, yielding

t¼ 8 min, that is supposed to be much longer than s. As a

consequence, the best fit given in Fig. 6 corresponds to

D¼ 4.22� 10�16 cm2/s. This value is much larger than

the reported bulk diffusivity of B in Si at 500 �C
(�10�18 cm2/s).21 With D¼ 10�18 cm2/s, the penetration

length of B atoms would be only 1 nm, and the VS mecha-

nism could never work in this case. Therefore, the VS incor-

poration can explain our data only if the boron diffusivity is

dramatically enhanced. It has been argued previously that P

atoms can diffuse into Ge NWs with an enhanced diffusivity

as high as �10�15 cm2/s at 460 �C.8 As for B atoms in Si

NWs, the shell of the NWs has been shown to exhibit defects

(see Fig. 2) that could enhance the diffusion of the B impur-

ities. For example, if a supersaturation of Si self-interstitial

exists in the shell, it would favor the migration of B-Si inter-

stitial defect complexes that would migrate towards the core

and spontaneously break into an interstitial and a substitu-

tional B.22–24 The solid diffusivity of B could also be

enhanced by the elastic stress, an example being the stress-

driven diffusion during growth of Stranski-Krastanow quan-

tum dots.25,26 In the case of NWs, the stress might be

induced by the Laplacian pressure caused by their small

radius or by the excess of Boron impurities in the shell.27,28

As discussed, e.g., in Ref. 29, the formation of a com-

plete monolayer (ML) slice during the VLS growth of NWs

is almost instantaneous. In this case, the rate of nucleation-

mediated NW growth in the [112] direction, V ¼ h=t�, where

h is the height of Si ML, is determined by the waiting time t�
between two consecutive nucleation acts. While considering

the ID pathway 3, we therefore assume that B atoms incorpo-

rate into the NW and diffuse along the 2D liquid-solid inter-

face during time t�. Such process is repeated upon the

completion of each Si ML, leading to an axially homogene-

ous B distribution, since all MLs are identical. Time t� can

be easily estimated from the growth rate and equals 0.013 s.

Putting t ¼ t� in Eq. (6), the best fit to the experimental pro-

file corresponds to D¼ 1.56� 10�11 cm2/s. This value is

much larger than the solid diffusion coefficient, because the

ID diffusion is 2D. On the other hand, it is much smaller

than the diffusivity at the solid Si surface in contact with

vapor (typically of the order of 10�8 cm2/s (Ref. 30)). This

also seems reasonable, because the diffusion coefficient at

the solid-liquid interface should be much smaller than that

on the solid-vapor interface. However, the boundary condi-

tion with a constant concentration is less easily justified for a

short-scale ML growth. Overall, the ID mechanism has to be

considered to account for the dopant distribution in the Si

NW core, although we cannot make a definite commitment

regarding its stronger contribution with respect to the VS

mechanism.

In summary, we have presented the 3D mapping of

B-doped Si NWs obtained by the laser-assisted APT. A con-

venient and an effective method to analyze the NWs by

APT has been developed. It has been shown that boron is

distributed inhomogeneously in the volume of Si NWs. Theo-

retical model has been developed that fits well the experimen-

tal dopant profile at Dt¼ 20.25 nm2. The VS and ID

mechanisms of boron incorporation have been considered,

yielding the 3D solid diffusivity of B at 4.22� 10�16 cm2/s

and the 2D diffusivity along the solid-liquid NW interface at

1.56 � 10�11 cm2/s. We now plan to perform more APT

experiments with Si NWs grown at different conditions and

to model theoretically the spatial distributions of dopants

incorporated by different kinetic pathways.
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