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Doped semiconductor nanowires are emerging as next-generation electronic colloidal materials, and the efficient ma-
nipulation of such nanostructures is crucial for technological applications. In fluid suspension, pn nanowires (pn NWs),
unlike homogeneous nanowires, have a permanent dipole, and thus experience a torque under an external DC field that
orients the nanowire with its n-type end in the direction of the field. Here, we quantitatively measure the permanent
dipoles of various Si nanowire pn diodes and investigate their origin. By comparing the dipoles of pn NWs of different
lengths and radii, we show that the permanent dipole originates from non-uniform surface-charge distributions, rather
than the internal charges at the p-n junction as was previously proposed. This understanding of the mechanism for pn
NWs orientation has relevance to the manipulation, assembly, characterization, and separation of nanowire electronics

by electric fields.

Fabricating complete nanowire devices requires methods
to precisely control and manipulate their building blocks,
such as semiconducting nanowires. Several methods to
achieve this have been described during the past decades, such
as electrophoresis!, dielectrophoresis®>, magnetophoresis®,
acoustophoresis®, and optical tweezers®. Among these tech-
niques, electric-field-mediated (EFM) particle assembly is a
promising candidate for manipulating nanowire ensembles
and creating ordered structures. EFM is flexible and scal-
able, requires relatively simple electrodes, and can be used for
both charged and uncharged particles. Furthermore, it offers
a plethora of ways of rotating and translating particles.

Previous EFM studies have dealt primarily with homoge-
neous particles, with manipulation based on well-established
electrokinetic theories for colloids’'®. Nanodevices require
electronically doped structures such as p-n, p-i-n, p-n-p or
n-p-n doping. Their rotational and translational behaviors
under E-field are thus more complicated than homogeneous
particles'”!8. There are relatively few reports of EFM studies
of doped structures. One example is the work of Lee et al. us-
ing DC electric fields to align fluid-suspended pn NWs across
an electrode pair'®. Interestingly, all the NWs were oriented in
the same direction, with their n-doped end pointed in the same
direction as the DC field. These authors were able to build a
half-wave rectifier and diode logic gates from a number of pn
NWs.

The directed orientation observed by Lee ef al. suggests
that pn NWs have permanent dipoles that exist without the
external electric field. However, the origin of the permanent
dipole is unclear, and it is not known how it changes with pa-
rameters such as NW length, radius, depletion width, built-in
voltage, etc. The focus of this work is to measure the perma-
nent dipole of pn NWs in liquid suspension and to determine
its origin. We have applied our technique to pn NWs of dif-
ferent lengths and radii. The measurements suggest that the
permanent dipole is the result of a nonuniform surface-charge
distribution, arising from the difference in the surface-charge
density of the p and n sections.

Fig. 1a shows the schematic of our experiment. Two pairs
of tantalum electrodes were used to form a square well on
top of a glass slide. The wire electrodes generated spatially
uniform electric fields across the solution, which contains pn
NWs dispersed in low-conductivity solvents (mineral oil or
n-methylpyrrolidone (NMP)). Such low-conductivity organic
solvents mitigate the effect of electrolysis and induced-charge
electrophoresis. We first applied 10 kHz AC voltage to one
electrode pair to align the NWs with the y—direction. Then
we applied a DC bias to the other electrode pair, subsequently
orienting the NWs with the x—axis to observe the rotation and
resulting orientation of pn NWs, as can be seen in Fig. 1c and
1d. The silicon pn NWs were grown using the vapor-liquid-
solid (VLS) technique®’, and had lengths (L) ranging from 10
to 30 um. The diameters (D) of the colloid catalysts were 50,
100 or 150 nm. As the nanowire average diameter differs by
less than 13% from the catalyst diameter, we equate the di-
ameters of the nanowires with parameter D. Each NW had an
axially arranged boron- and phosphorous- doped section. The
diodes showed clear rectification as expected for pn diodes
(see supplemental figure Fig. S1c for the I/ —V curve).

The electric-field-induced rotation of a suspended pn NW
under a DC field can be described by the balance between the
total electrostatic torque and the viscous resistance to rotation:

YB = _(TP + T’i) = (pperm X E + Pinduced X E)
== (PpennEsinG + OthsinecosG) e, (D

where 0 is the angle between the principal axis of the NW and

the electric field, y = Wg_m

coefficient of the NW in a fluid of viscosity u*!, pperm is the
permanent dipole, « is the parallel component of the particle
polarizability and E is the electric field.

The left-hand side of Eqn. 1 is the viscous resistance to ro-
tation. The first term to the right of the first equality, 7, is
the torque by the electric field acting on the permanent dipole,
and the second term, 7;, is the electric torque due to the in-
duced dipole. The rotation of the pn NW will be dictated by

is the rotational friction
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FIG. 1. (a) Schematic of experimental setup to study orientation of fluid-suspended pn NWs by DC electric fields. (b) Permanent and induced
dipoles of a pn NW. If the two dipoles point in opposite directions, as depicted here, the relative strength of pperm and pinguced Will dictate
which direction the wire rotates. For fields below Eyit, pperm Will be the dominant torque, and the pn NW will orient with its p end in the field
direction. (c) CCW rotation of pn nanowire when a DC field was applied across solution. (d) CW rotation when the polarity of E was reversed.
(e) The time evolution of 6 for a representative pn NW at E = 66 kV/m. Blue line and red line represent CCW and CW rotation, respectively.
The data was fitted to Eqn. 1 to find pperm and . Inset is the corresponding rotation rate.

the relative strength of these two torques, which can point in
the same or different directions (Fig. 1b). Because they scale
as E and EZ, respectively, below a critical field strength, 7,
will dominate the rotation relative to 7;. The NW should then
rotate and orient its permanent dipole in the direction of E.
If we change the polarity of the DC electric field, the particle
will also change its direction of rotation because 7, changes
sign. This also means the pn NW can rotate an obtuse angle,
i.e., greater than 90°. This distinguishes a pn NW from homo-
geneous NWs, which can only rotate an acute angle under the
induced dipole alone. At higher field strengths, 7; dominates
due to its quadratic dependence on E. The pn NW is then
expected to lose its directed-rotation: it should simply align
its principal axis with the field direction, rather than orienting
with a particular end in the direction of the field.

In our experiments, the observed rotational behavior of the
pn NWs closely followed the predictions of Eqn. 1, as il-
lustrated in Fig. Ic-e. Fig lc shows the counter-clockwise
(CCW) rotation of the pn NW when a moderate E was applied
across the solution. Upon changing the direction of E, the NW
rotated clockwise (CW), and by more than 90 degrees, as can
be seen in Fig. 1d. We also noted that in the beginning of
the rotation, the rate was slower in the latter case, because in-
duced and permanent dipoles pointed in opposite directions,
as can be seen in Fig. le. As we gradually increased the field
strength, the NW maintained this directed-rotation until £ ex-
ceeded 100 kV/m. The induced torque then became dominant,
as depicted in Fig. 2a, making the NW always rotate an acute
angle and simply aligning (rather than orienting) with the ex-
ternal field.



1017

1.0+

p])l‘llll[C'In]

=
ot

0 20 40 60 S0 100 120 140
EpclkV/m]

FIG. 2.  The field dependence of EFM torques and dipoles of a
representative pn NW. (a) Measured field dependence of 7; (orange)
and 7, (green) (b) The extracted permanent dipole at different field
strengths. (c) The extracted particle polarizability at different field
strengths. 5 measurements were done at each field strength for b)
and ¢).

To quantitatively find pperm, we recorded the time evolution
of the NW orientation angle, 0(t), at 5 different field strengths
and fitted it to Eqn. 1. The fitting only involves two free pa-
rameters: permanent dipole moment pperm and polarizability
a. Fig. 1e shows the fitting for E=66 kV/m. Atz = 0, the NW
was kept perpendicular to the x—axis by an AC field. Then
we turned this AC field off and applied a DC field to the other
electrode pair. In one case, the NW rotated counter-clockwise
(blue line), for 7, and 7; were in the same direction. We then
flipped the DC field, such that the two torques had opposite
directions and the NW rotated clockwise (red line). By fitting
the rotation of the pn NW with the DC electric field in two
different directions, we extract the permanent dipole, pperm,
of the NW, as well as the polarizatbility, &. Both pperm and

are expected to be intrinsic properties of the pn NW, arising
from their geometry, electronic properties, and surface prop-
erties, and thus should be independent of E. Fig. 2b-c clearly
show that the extracted pperm and  are independent of E over
nearly an order of magnitude in field strength, as expected.
This underscores the robustness of the measurement and fit-
ting procedure.

A permanent dipole necessarily arises from separation of
different charges. We now consider the origin of such charge
differences.

At a semiconductor p-n junction, electrons in the n region
diffuse to the p region to fill holes, leaving positive charges
in the n section. Similarly, negative charges are formed in the
p section due to diffusion of holes??. These opposite charges
result in a dipole at the junction which points from p to n.
The magnitude of this junction dipole scales with the cross
sectional area and the built-in voltage, and is independent of
the NW length. We can estimate this junction dipole using the
depletion approximation® as

unction — TR%e, W), 2)
where R is the particle radius, €, is the permittivity, and ¥y;
is the built-in voltage of the pn NW. We have also conducted
numerical simulation of the junction dipole using COMSOL
Multiphysics and found excellent agreement with Eqn. 2, as
detailed in the SI.

However, Eqn. 2 gives a permanent dipole that is 2 to 3
orders of magnitude lower than our measured dipole. We
also measured dipoles of pn NWs having different lengths
and radii to test Eqn. 2. Fig. 3a shows the variation of pperm
with length for 26 individual pn NWs. As seen in the fig-
ure, pperm varied with L, which is not predicted by Eqn. 2.
We also looked at NWs that were similar in length (from 14 -
17 wm), but had different diameters (colloid diameters of 50
nm vs. 150 nm). We found that pperm scales with R instead
of R? (Fig. 3b). This suggests that the measured Dperm does
not originate from charges at the junction, as was previously
proposed!®.

Instead, motivated by earlier work on heterogeneous
colloids®}, we propose that the Pperm arises from a non-
uniform surface-charge distribution on the NW. A pn NW
dispersed in a liquid can develop surface-charge by absorb-
ing ions from the liquid, or through dissociation of molecules.
Even in low-conductivity fluids, charge can form at the parti-
cle surface, with charge densities®*?> ranging from 10° — 10!!
e.cm~2. This process depends heavily on the surface chem-
istry of each part of the particle, and on the surface potential.
Unfortunately, the surface potentials of p- and n-type Si NWs
have not been measured in liquids like NMP and mineral oil,
but measurements have been conducted in vacuum through
Kelvin Probe Force Microscopy (KPFM)?°. The KPFM mea-
surements showed a higher surface potential on the n-type
than on the p-type. This implies a higher surface-charge den-
sity on the n-type, and results in a surface pperm pointing from
p-type to n-type side, which agrees with both our observation
in Fig. 4b and that of Lee ez al.®.

Assuming a uniform diameter for the n-type segment, and
linear tapering of the p-type segment, the permanent dipole
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FIG. 3. Dependence of permanent dipoles on NW length and col-
loid diameter. (a) Measured permanent dipoles of nanowires that
have same colloid diameter (100 nm) but different lengths. Dash
line represents quadratic length dependence. (b) Measured perma-
nent dipoles of 2 NW samples of different colloid diameters. All the
pn NWs have lengths ranging from 14 - 17 pm.

originating from this surface heterogeneity for a diode with
equal-length p- and n- type segments would be:

Phemmace — / /s zodS

_ TRI’AC AR AG 4R+ AR

4 2@k —ar) O

where o is the surface-charge density, and Ac = 6, — 0}, is
the difference in surface-charge density between n- and p-type
sections, R is the average radius, and AR is the change in ra-
dius within the p segment. The first term on the RHS is the
dipole from the surface-charge heterogeneity for a cylindrical
NW, and the second term is the geometrical correction due to
tapering. As the correction is estimated to be about 25.86% of
the first term for our nanowires, we can further simplify Eqn. 3

pT2 . . .
to pf,‘é{f%ce ~ ZRLAS This surface permanent dipole, unlike the

junction dipole, scales linearly with R and L. Thus, Eqn. 3
is in agreement with the experimental observations shown in
Fig. 3.

Eqn. 3 also allows us to calculate Ac from the measured
Pperm- The distribution of Ao for pn NWs in NMP is shown
in Fig. 4a. To validate this result, we independently estimated
the charge density of each section by doing {-potential mea-
surements of two samples: homogeneous n-type and homo-

FIG. 4. Distribution of differences in charge across the pn NW, and
demonstration of NW orientation by a DC field. (a) Distribution of
measured Ac of pn NWs dispersed in NMP. The mean is (Ac) =
(7.04+3.53) x 10° e.cm™2. (b) SEM image of pn NWs, oriented
by a horizontal DC field generated by a pair of Pt electrodes. Since
there is a higher surface-charge density on the n-type section of the
NW, the permanent dipole points from p- to n type sections, and the
NW orients with its n-type segment pointing in the direction of the
DC E-field.

geneous p-type NWs with the same doping and growth condi-
tions as the pn sample. The surface potential () of each sec-
tion can be approximated from the measured : W, ~ {, =
442447 mV and ¥, =~ §, = 50.6 +3.3 mV. We then es-
timate the surface-charge density from the surface potential

using Grahame equation?’.

o = 2¢&,kV;sinh (%) 4)
where V; = kgT /e is the thermal voltage, & and 1/x are the
permittivity and the Debye length of the fluid, respectively.

The estimated difference in surface-charge density, Ao,
from {-potential measurement is 7.7 x 10° e.cm™2, which
agrees well with that calculated from our experimental mea-
surements of pperm using Eqn. 3. Thus, the {-potential mea-
surement supports the hypothesis that the p and n sections
have different surface-charge densities, giving rise to the per-
manent dipole. Moreover, the higher { of the n-type NWs
suggests that the permanent dipole should point from p side
to n side, again in agreement with the direction of the dipole
seen in Fig. 4b and also reported by Lee ef al.'®. Interestingly,
this seems to hold for p- and n-doped Si dispersed in other
liquids?8.

One can estimate the total surface-charge difference be-
tween n and p sections: AQ = TAGRL. For 50-nm-radius
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FIG. 5. Dependence of Ej;/Ac on aspect ratio. For each nanowire,
its Ao and E_j were measured by gradually increasing £ and ob-
serve the rotation.

NWs, AQ ~ 80 — 200 elementary charges. We note that when
NWs are exposed to air or liquids, oxide layers are formed
on its surfaces. The density of ionizable surface sites of SiO;
is T~ 8 nm2, i.e. there are about 10° ionizable sites on the
surface of a 15 um long wire>>. Thus, only a very small differ-
ence (~ 0.015 %) in the ionizable sites is needed to generate
the permanent dipoles that we observe. Furthermore, because
there is only a small difference in the number of elementary
surface-charges on the two halves of the pn NW, any random-
ness in the number and position of charged sites might lead
to the variation of pperm that we have observed in Fig. 4a be-
tween nominally identical diodes.

Due to the different scaling with E of the permanent and in-
duced dipoles (Eqn. 1), there is a critical DC field strength for
directed orientation of pn NWs. Below this E;, the nanowire
will orient with a particular side pointing in the direction of
the DC field, while above it, the pn NW will simply align
with the field. By setting the LHS of Eqn. 1 to 0, we find that
Eqit ~ AGRL? /R’L = AGAR, where AR is the aspect ratio of
the NW. Thus, E. is expected to scale with the aspect ra-
tio AR of the pn NW, i.e., longer-aspect-ratio pn NWs can be
more easily oriented with higher DC fields. We can test this
experimentally for individual NWs by gradually decreasing E
and observing their rotation to see when they stop orienting
and begin simply aligning with the field. We have looked at
50-nm and 150-nm- diameter pn NWs, and found that, in gen-
eral, E increases with AR. As seen in Fig. 5, the measured
ratios of E./Ac collapse nicely in a straight line when plot-
ted against NW aspect ratio, AR.

In summary, we have measured the permanent dipole of pn
NWs with a contactless technique using DC electric fields to
orient them in liquid suspension. By fitting the time evolution
of 0 to the torque-balance equation, we were able to quan-
tify the permanent dipoles of pn NWs of different lengths and
radii. More specifically, we have shown that this permanent
dipole scales with R and I?, and arises from a non-uniform
surface-charge distribution. We want to highlight that our
finding about the origin of pperm is different than that pre-
viously proposed in the literature, i.e. that the dipole arises

from the p-n junction'®. Clearly, surface heterogeneity plays
a crucial role in the orientation and assembly of pn NWs. The
results also suggest that pn NWs can be made to rotate at dif-
ferent speeds in DC E-fields by applying different function-
alizations to each section to change its surface chemistry and
surface potential. This understanding of the mechanism for
pn NW orientation may have relevance to pn-NW-based elec-
tric rotors, as well as enabling the efficient manipulation, as-
sembly, characterization and separation of pn NWs by electric
fields.

SUPPLEMENTARY MATERIAL

Refer to the supplementary material provided at {insert
link} for comprehensive insights into experimental details, an-
alytical procedures, and SEM images.
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