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Three-Dimensional Carrier Profiling of Individual Si
Nanowires by Scanning Spreading Resistance Microscopy

By Xin Ou,* Pratyush Das Kanungo,*
Wolfgang Skorupa, and Xi Wang

Individual silicon nanowires (Si NWs) grown by molecular
beam epitaxy and in situ doped with boron were investigated
by scanning spreading resistance microscopy (SSRM), a tech-
nique based on conductive atomic force microscopy. The carrier
profiles of the NWs were derived from the measured spreading
resistance values and calibrated with the known carrier con-
centration of the underlying epilayer. The 3D-SSRM profile
of a NW was obtained by measuring the NW cross sections
at different depths along the radial direction. Scanning the
same NW with a controlled force on the SSRM tip can abrade
material from the cross-sectional surface and the tip moves
deeper into the volume of the NW after each image is scanned.
Repeated stripping of the material from the NW results in a
“thinning” of the remaining NW segment and a corresponding
increase of its resistance, which can be addressed by an appro-
priate data correction. The achieved three-dimensional carrier
profile reveals a multishell structure of the carrier distribution
across the NW diameter, which consists of a lower doped core
region, a higher doped shell region, and a carrier depleted sub-
surface region.

Si nanowires are considered promising candidates for incor-
poration into the next generation of electronic devices.%
Vertical Si NWs on Si substrate are commonly grown based
on the so-called vaporliquid-solid (VLS)** method by dif
ferent techniques such as chemical vapor deposition (CVD)P!
and molecular beam epitaxy (MBE).®! Doping of Si NWs has
already been demonstrated using in situl>’~! and ex situl'%!l
techniques. In order to precisely control the doping process for
device fabrication it is imperative to understand the electrical
properties of the doped Si NWs, especially the spatial distri-
bution of the dopants in the NWs. Due to their large surface-
to-volume ratio, a strong surface segregation of dopants in
NWs was theoretically predicted by ab intio calculation1213]
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and experimentally investigated by atom probe tomography,!*
Raman scattering,>1° scanning photocurrent microscopy,!!’!
electron holography,!'® and electrical transport measurements
in connection with surface etching.[lg] Moreover, the dopant
deactivation at the NW surface was demonstrated by meas-
uring the electrical conduction of doped NWs with different
diameters.?%21l However, detailed analysis of these effects in
combination requires a volumetric mapping of the dopant dis-
tribution on various cross sections of an individual NW. Very
recently it was shown that SSRM can be applied to obtain
the two-dimensional carrier profile across the cross section
of a doped Si NW.2223] In this paper the capability of three-
dimensional carrier profiling of individual Si NWs by SSRM is
demonstrated.

SSRM is an established analytical technique for two-
dimensional carrier profiling in semiconductor materials
and devices.?*?] The electrical circuit for the SSRM meas-
urement consists of an SSRM probe tip, the sample, and a
logarithmic current amplifier for the data readout. A con-
stant bias is applied between the tip and the sample. The
current passes through a serial resistor which includes the
tip resistance (Ry,), the contact resistance (R.) between the
tip and the sample, the spreading resistance (Rg), and the
resistance of the investigated material which consists of the
Si substrate (Rpuy) and the connected NW (Ryy). The resist-
ance measured is the sum of the above components and is
given by:

R = Rs+ Rijpt+ R+ Rput Raw (1)

Among the component resistances only Rg gives a local
measure of the electrical characteristics of the sample and can
be estimated by the formulal?®!

Rs=p/4a (2)

for an ideal Ohmic contact between a cylindrical tip and the
sample surface, where p is the local sample resistivity and a
is the radius of the effective contact which defines the spa-
tial resolution of the measurement. The state-of-the-art reso-
lution amounts to about 10 nm or even below.[?*%] In order
to keep Rg as the dominant resistance (Rs = R) a large tip
force in the range of 1-100 uN is applied to achieve a pref-
erentially low R, Moreover, a diamond-coated conductive Si
tip is used to obtain a low Ry, and a high wear resistance for
high durability of the tip during the forceful scanning. The
characteristics of a hard conductive tip and the application
of a high tip force in SSRM provide the ability for three-
dimensional carrier profiling of Si NWs. The capability of
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a 3D-SSRM profiling on InP was already reported by Eyben
et al.?7]

NWs with 50 to 250 nm diameters and lengths between
100 and 400 nm were grown by MBE under ultrahigh
vacuum conditions (107! mbar) on (111) Si using Au as
growth initiator at a temperature of 525 °C. The NWs were
in situ doped with boron during the growth. The resistivity
of the substrate was 10 Q cm corresponding to a carrier con-
centration of 1.3 x 10'® cm™3 and the expected boron concen-
tration of the doped NWs, as well as the epilayer!® that grows
with it, was 10" cm™. Experimental details were reported
elsewhere.l’]

The cross-sectional NW specimens for SSRM measure-
ments were fabricated as follows. First, a layer of about 400
nm SiO, was deposited on the sample by magnetron sput-
tering to cover the NWs. Second, the specimens were cut
and glued against each other using the preparation proce-
dures usually applied for cross-sectional transmission elec-
tron microscopy. Afterwards, the cross-sectional surface was
polished with SiC powder and diamond powder. The cross-
sectional specimens were investigated by scanning electron
microscopy (SEM) to detect the positions of the NWs. SSRM
measurements were subsequently performed using a multi-
mode AFM instrument (from Veeco Instruments, Camarillo,
CA) with an SSRM module. A constant bias voltage of —2.5 V
was applied between the tip and the sample during
scanning. A deflection voltage between 0.2 and 1 V was used
to generate a force so that the tip definitely indents the sample
surface and moves deeper into the volume. During the meas-
urements, the tip was scanned perpendicular to the Si/SiO,
interface in the axial direction of the NW.

Figure 1 shows an image of the spreading resistance where
the Si substrate (Sub), the epilayer (Epi), and the SiO, layer
are indicated. The cross section of this specific NW is 237 nm
wide and 368 nm long. The dark area surrounding the NW
indicates the insulating characteristic of SiO, with a high resist-
ance (HR). The brighter color of the NW and of the epilayer
indicates a lower resistance as compared to the Si substrate.
Darker stripes of higher resistance in the substrate and epil-
ayer can be ascribed to scratches formed during polishing. The
fine dotted lines (parallel to the NW axis), visible in the NW
and in the epilayer below, are tip traces caused by the SSRM
prescan. The respective profile of Rg in the axial direction of
the NW is shown on the right side. Ry is converted to carrier
concentrations by scaling with the known resistivity of the
epilayer of 8.58 x 107 Q cm, corresponding to a carrier con-
centration of 10'* cm™. The calibration is based on the linear
relation between Rg and p according to Equation (2), and the
carrier concentrations can be extracted from the p data using the
standard curve of the carrier concentration versus resistivity for
silicon.®] The resistivity fluctuations of the substrate and epil-
ayer range observed in the axial profile (Figure 1) are mainly due
to the surface defects (scratches) left from the polishing of the
sample. These scratches introduce high-resistance lines which
are mostly parallel to the radial direction of the NW. However,
this effect has not been found in the region of the investigated
NW. Measuring the resistivity profile from a uniformly doped
and flat Si substrate, relatively small variations, below 10%, of
the Rg values are obtained. Scanning is repeated over the same
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Figure 1. Cross-sectional SSRM image of an individual Si NW standing
on the epitaxial Si layer (Epi) and the Si substrate (Sub). The NW is
embedded in a SiO, layer. Dark and bright colors indicate high (HR)
and low (LR) resistance, indicated by the scale bar on the right side. S1
denotes the first scan of this NW. The spreading resistance (Rs) profile
in axial scanning direction (AS) averaged over the whole NW range is
shown by the curve on the right side. The carrier concentration (vertical
axis) is converted from Rs, and calibrated from the known resistivity
of the epilayer using the standard carrier concentration vs resistivity
curve (Ref. [26]). The bar inserted in the left image denotes a length of
100 nm.

NW in order to investigate one individual NW in three dimen-
sions by SSRM. During scanning, the scratching of the tip over
the NW cross-sectional surface abrades some material, and the
tip moves deeper into the volume with successive image scans.
The sequence of the NW cross sections (S2 — S5) for consecu-
tive scans of the same NW shown in Figure 1 (S1) is shown
in Figure 2a. Obviously, the radial width of the SSRM profile
shrinks gradually and the top part of the NW vanishes after
scanning five times. After the sixth scan the NW completely dis-
appeared. Figure 2b shows the typical morphology of a vertical
column-shaped Si NW after removing the Au droplet from the
top by wet etching. The shrinking of the NW cross-section in
Figure 2a can easily be understood considering that the inves-
tigated NW cross section shifts with every image scan toward
a deeper position as schematically illustrated in Figure 2c.
Assuming that the NW segment in S1 (Figure 1) is a half
column of width 2r and of thickness d = r, the radial cross-

section area is A = %7nr?. Material stripping from the surface of
this specimen results in the shrinking of the thickness (d) as
well as the radial cross section area (A) of the remaining NW
segment. The change of d and A by repeated scanning from
S1 to S5 is calculated from the width of the cross sections (see
Supporting Information).

The carrier profiles of the NW cross-sections (see Figure 2a)
can be derived from Rg using the same method demonstrated
in Figure 1. However, as A decreases (from S1 to S5) the
measured spreading resistance Rg can be overestimated due to
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(b)

(c)

Figure 2. a) SSRM images showing a sequence of cross sections of
the same NW as shown in Figure 1 obtained by repeated scanning of
this NW. S2 means the second scan and S5 the fifth scan. Dark and
bright colors indicate high and low resistance. b) SEM image of a
typical free-standing vertical Si NW after removing the Au cap on the
top. ¢) Schematic of the shift of the measuring Si NW cross section
area due to scanning from S1 to S5. A and d denote the radial cross-
section area (dashed area of S5) and the thickness of the remaining
segment of the NW. [ is the distance between the actual tip position
and the bottom of the NW. The bars inserted in (a) and (b) denote a
length of 100 nm.

the remarkable increase in the resistance of the remaining NW
segment,

Ryw = pl/A 3)

Ryw (in Equation (1)) increases, whereas Ry = Ry, + Rppi
is negligible due to the very large cross-sectional area of the
substrate (Rgy,) and the epilayer (Rgp;) compared to the NW.

Assuming p remains constant for a single image scan, the
increase of Ryy (due to the decrease of A and the increase of I
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can be quantitatively estimated by combining Equation (2) and (3)
as follows:

Rnw/Rs = pp/l%;z 4alJA=k (4)

For the same imaged cross section k only depends on the dis-
tance (I, see Figure 2c) between the actual tip position and the
bottom of the NW (I = 0). Therefore, the resistivity values meas-
ured close to the top of the NW cross sections are not directly
comparable to those measured at the bottom. Nevertheless, the
Rg profiles extracted from the NW cross-sections (S1 through S5)
can be corrected by Rg = R/(k + 1), where R = Rg + Ry is the
measured resistance value. However, in the case of S1 (Figure 1)
the body of the NW cross section is thick enough and k is too
small to result in a significant change of the resistivity values
measured along the NW.

Figure 3 presents profiles of Rg along the radial NW direction
(RS) as derived from the NW cross sections shown in Figure 1
and Figure 2a. These profiles are extracted from the length
position at I = 0.75 Iy, where lyy means the total length of the
NW and the resistivity values are corrected by eliminating the
influence of Ryw as described above. Rg values are taken from
a 512 x 512 data matrix along the radial direction at a distance
of 1.9 nm. The carrier concentration of the curves is scaled
on the right axis. According to the RS profile of S1 the carrier
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Figure 3. a) Spreading resistance (Rs) profiles taken from NW cross
sections S1 (Figure 1) to S5 (Figure 2a) are shown in radial scanning
direction (RS). The profiles are corrected by elimination of the influence
of Ryw on the measurement of Rs. The carrier concentration (right axis) is
converted and calibrated using the same method described for Figure 1.
b) Scheme of a multishell structure of the carrier distribution across the
NW diameter consisting of the core region (gray), the higher doped shell
region (white ring), and the carrier-depleted surface (outer black ring).
The relative positions of the cross sections S1, S4, and S5 are indicated
by the dashed lines.
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concentration close to the surface of the NW peaks at 101 cm™.
This is the same level as in the epilayer and one order of magni-
tude higher than in the core region. The same difference in the
carrier concentrations between core and shell of the NW also
appears in the RS profiles taken from other length positions of
the S1 cross section. The difference in the carrier concentration
measured in the core and shell is significantly beyond the fluc-
tuation induced by the error of the SSRM measurement, which
is estimated to be below 10%. The thickness of the highly
doped shell region is around 30 nm. Except for S5, the carrier
concentration of the sequential NW cross sections is of the
same order of magnitude. Interestingly, the radial profiles S2
and S3 confirm the core-shell structure demonstrated in pro-
file S1 and exhibit a similar concave shape, whereas S4 and S5
change to a convex profile shape. The thickness of the NW seg-
ment in S4 and S5 is reduced to less than 10% of the original
one in S1 (see Supporting Information). For that reason the
NW segment S4, with a calculated thickness of 12 nm, is fully
incorporated in the highly doped outer-shell region of 30 nm
thickness surrounding the core of the NW. This is sche-
matically demonstrated by Figure 3b. The higher number of
electrically active dopants in the shell may result from inhomo-
geneous doping during in situ dopant incorporation into the
NW. For CVD-grown, doped Si NWs it was suggested that this
core-shell structure mainly arises from the additional dopant
deposition at the NW surface by a vapor-solid (VS) mechanism.!'4l
However, it is worth noting that the NW investigated here was
grown and in situ boron doped under ultrahigh vacuum by
MBE. Theoretical papers based on NWs of a few nanometer
diameter speculated about the surface segregation of boron
due to less energetic positions at the surface.'>!3] In our study
the NW diameter is significantly larger than a few nanometres.
Surface segregation of boron was also observed in MBE-grown
planar epitaxial Si films.[2>3% Another possible effect for p-type
doping in the shell region is the incorporation of Au remaining
from the growth-initiating phase.3!) However, this should be
negligible as the solubility of Au in Si is less than 10 cm™ at
the growth temperature.??l A detailed investigation of the distri-
bution of the total dopant concentration (both electrically active
and deactivated) by techniques such as atom probe tomography
is required to make conclusions about the exact origin of this
core-shell structure.

Generally, the unpassivated NW is covered by the native
SiO, surface layer (1-2 nm), and the electrical properties of the
NW are assumed to be influenced by the quality of the Si/SiO,
interface.?3%! The interface states act as carrier traps (both for
electrons and for holes) causing a depleted region of a certain
thickness close to the NW surface. The remaining NW segment
in S5 with a calculated thickness d = 2.6 nm is almost entirely
located inside the depleted surface region (Figure 3b) which is
estimated to be dp = 2.5 nm according to the model given by
Seo et al.:20

2 Ns
dp=r ( 1- - 5
D phys Fohys NA ( )

where 1y is the physical radius of 167 nm (Figure 1), and N
and N, are the surface charge density (2 x 10'2 cm™2)?% and the
dopant concentration (10'° cm™). This may result in a lower
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carrier concentration, as shown in the curve S5 of Figure 3a.
Moreover, it was suggested that the dielectric mismatch
between the Si NW (g5 = 11.7) and its surrounding (&si0, =
3.9 or &; = 1) also increases the ionization energy and there-
fore reduces the activation of the dopants.[%21:34 Considering
its radius-dependent character this effect especially decreases
the activation degree of dopants located very close to the NW
surface.

Both the removal and the uncovering of NWs after several
SSRM image scans are confirmed by the SEM image in Figure 4.
These two SEM images show the same specimen area mapped
before and after the SSRM investigation. By comparison, the
lower NW visible in Figure 4a is completely removed after
several scans (Figure 4b). On the contrary, the upper NW
is fully revealed and significantly more pronounced after
several SSRM image scans. The NW material is abraded by
SSRM in a controlled manner. The uncovering of an NW
partly buried in the oxide layer by the SSRM imaging scans
is demonstrated in the supporting materials. It is worth
noting that the probe tip indents the sample surface during
the measurement and measures the characteristics of the
material below the surface. The depth of this indentation is
controlled by adjusting the deflection bias (0.2 to 1 V) which
generates a corresponding tip force. The influence of sur-
face defects can be minimized by enhancing the tip force,
however, this may compromise the spatial resolution of the
measurement.l*> Optimum conditions are achieved using an
appropriate tip force. By moving the tip forward, the spec-
imen surface is destroyed and can be pushed away as is vis-
ible in Figure 4b.

In conclusion, the capability of the SSRM measurement for
the three-dimensional profiling of electrical carriers in indi-
vidual NWs is demonstrated via a stepwise shift of the meas-
ured NW cross section toward deeper positions in the specimen

Figure 4. SEM images of the same specimen area before a) and after
b) the SSRM measurement. Two samples, each with one NW;, are glued
together face-to-face. The positions of the NW locations are indicated by
dashed circles. Layers denoted by I, II, and 11l are glue, the SiO;, layer, and
the Si substrate, respectively. Bright spots located close to the Si NWs in
(a) are grains remaining from polishing powder, as confirmed by energy
dispersive spectroscopy (EDX). Some material that was moved away by
the SSRM tip is visible in (b) along the right and left sides.
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by abrading material during repeated SSRM scanning. The
measured spreading resistance is corrected by eliminating the
influence of the resistance of the remaining NW body, acting
as a parasitic resistance. The carrier profiles of the NWs are
determined from the measured spreading resistance and cali-
brated by the known carrier concentration of the underlying
epilayer. A model is provided considering the increase in Ryy
with increasing length and decreasing diameter of the NW seg-
ment. It is found that the carrier distribution across the NW
diameter is characterized by a multishell structure of “lower
doped core-higher doped shell-depleted surface”. The influ-
ence of the Si/SiO, interface (carrier depletion) on the carrier
concentration is demonstrated by measuring the cross section
of a very thin NW segment (S5).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. The Supporting Information shows the decrease of
the calculated radial cross-sectional area A and the thickness d of the
NW segments (S1 to S5) which are shown in Figure 1 and Figure 2a.
Moreover, an NW partially buried under oxide is uncovered, as
demonstrated by SSRM imaging scans.
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