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Orientation-Controlled Alignment of Axially
Modulated pn Silicon Nanowires
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ABSTRACT We demonstrate orientation-controlled alignment of axially modulated pn SiNWs by applying dc electric fields across
metal electrodes. The as-aligned pn SiNWs exhibit rectifying behaviors with a 97.7 % yield, and about 35 % of them exhibit no hysteresis
in their current—voltage curves that can be directly used to construct AND/OR logic gates. Moreover, the as-aligned pn SiNWs can be
packaged either with polydimethylsiloxane or additional metal layer to protect and even improve the quality of these NW diodes.
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o enable wafer-scale fabrication of one-dimensional

nanowires (NWs)-based electronic and optical de-

vices, diverse methods have been developed to align
NWs, ranging from contact printing method," flow-assisted
alignment,? Langmuir—Blodgett technique,’ electric field
assisted alignment,*”'” and blow bubble method,'® to direct
growth of NW devices method.'® To date, most of these
methods have been applied to align axially homogeneous
NWs, such as gold, zinc oxide, silicon, and polymer NWs_ *~'¢
Alignment of axially modulated heterogeneous NWs remains
challenging since the orientation of the NWs has to be
controlled to correctly express their built-in functionalities.**"
Previously, we reported a direct growth of NW devices
(DGND) method, for which axially modulated pn SiNWs
grow epitaxially between the sidewalls of two heavily doped
Si electrodes, and as such alignhment and electric contact of
NWs are realized simultaneously with the growth step.'’
Nevertheless, the DGND method requires the usage of Si as
electrodes for the epitaxial growth of SINWs. Here, we report
a dc electric field-assisted alignment method to align axially
modulated pn SiNWs with controlled orientations with a high
yield of 97.7% among 177 tests.

The electric field-assisted alighment method*™'” has been
applied to align homogeneous NWs, such as Au NWs,’
SiNWs'® and ZnO NWs,'? normally by the dielectrophoresis
(DEP) forces. The DEP forces are exerted on the dielectric
NWs through the induced dipoles when the NWs are sub-
jected to a nonuniform electric field.?**> However, electric
field-assisted alignment of axially modulated NWs, such as
pn SiNWs, has not been attempted. Interestingly, the axially
modulated pn SiNWs, in comparison to axially homoge-
neous SINWs, have not only charge neutral regions, but also
charged regions, known as the depletion layer at the pn
junction. Therefore, an external nonuniform electric field can
interact with the pn SINWs both through the DEP forces on

* To whom correspondence should be addressed. E-mail: xlzheng@stanford.edu.
Received for review: 10/15/2010
Published on Web: 11/02/2010

v © 2010 American Chemical Society

5116

the induced dipoles and through the electrophoresis (EP)
forces on the intrinsic dipoles.'®?*2? The combination of the
DEP and EP forces determines the alignment and orientation
of the axially modulated pn SiNWs.

The alignment process of the axially modulated pn SINWs
is conceptually illustrated in Figure 1, where we have as-
sumed that the NWs have comparable lengths to the gap
distances between the two electrodes as our experiments
so that the NWs bridge the gap after the alignment. When a
dc electric field is applied across the two electrodes, the
charge neutral regions of the pn SINWs become polarized
which are subjected to the DEP forces (Figure 1a). Since the
pn SiNWs are more conductive than the solvent isopropyl
alcohol (IPA),*?° the pn SiINWs are attracted to the electrode
edges where the electric field gradient is the highest (Sup-
porting Information Figure S1).?**% The time-averaged DEP
force acting on the pn SiNWs is estimated using eq 1%%??

2
— arl - -
Fomp = %smK(w)-WElz (1)

where r [m] is the radius of the pn SiINWs, | [m] is the length
of the NWs, &, [F/m] is the permittivity of the suspending
medium IPA, K(w) is the real part of the Clausius—Mosotti
factor, and E [V/m] is the electric field. The maximum DEP
force is about 12.5 pN for our pn SiNWs that have an average
diameter of 100 nm and length of 12 um (p- and n- segments
are about 6 um long) and are assumed to lie on a plane 300
nm above the substrate. Previous simulation results* have
shown that the maximum DEP force acting on silicon
carbide (SiC) NWs (diameter, 200 nm; length, 2 um) lying
on a plane 300 nm above the substrate is 1.3 pN, which is
in the comparable range of our estimated DEP forces,
considering the geometric differences of these two NWs. In
addition, the estimated DEP force is much larger than forces
caused by the Brownian motions, thermal effects, buoyancy
forces, and viscous drag forces,*'* so these forces have little
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FIGURE 1. Schematics of the orientation-controlled alignment of the axially modulated pn SiNWs with a dc electric field. (a) Side view showing
that the pn SiNW is attracted by the DEP forces toward the electrode edges where they have the largest electric field gradient, and the mass
center position of the pn SiNWs cannot be changed by the two EP forces exerted on the charges in the depletion zone since they have the
same magnitude but opposite direction. (b) Top view showing that the tilted pn SiNWs rotate under the combined effects of Tprp and Tep
torques, which can have different directions depending on the orientation of the pn SiNWs with respect to the external electric field direction.
Since Tgp is larger than Tpep, the orientation of the axially modulated pn SiNWs is mainly determined by the Tgp torque.

impact on the movement of NWs near the electrodes and
are neglected here.

Other than the DEP forces, the electric field also applies
the EP forces on the charged depletion zone of the pn SINWs,
which can be estimated from eq 2

Fep = GNVE )

where q [C] is the elementary charge, N [number/m?] is the
number density of either acceptors or donors, and V [m?] is
the volume of the depletion region in the p- or n- segment.
The calculated EP force on our pn SiNWs is about 31 pN.
Although the estimated EP forces are larger than the esti-
mated DEP forces, the EP forces will not change the center
location of the pn SiINWs because the two EP forces act on
both sides of the pn junction with the same magnitude but
opposite directions (Figure 1a). Nevertheless, the EP forces
can generate a torque (Tgp) to rotate the pn SINWs when the
NWs are not parallel to the direction of the electric field
(Figure 1). The Tgp torque achieves its maximum value when
the pn SiNWs are perpendicular to the electric field, and its
magnitude can be estimated using eq 3

—

W) 3)

Tep = _F.EP(E

where w [m] is the width of the depletion layer. The
calculated maximum Tgp is about 0.8 pN - um. The pn SINWs
also experiences the torque (Tpep) generated by the DEP
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force when they are not parallel to the direction of the
electric field. The Tpgp and Tgp torques can have different
directions depending on the orientation of the pn SiNWs
(Figure 1b), so their competition determines the final orien-
tation of the pn SINWs. Nevertheless, the Tpgp is small when
the length of NWs is comparable to the gap distance between
the two electrodes, since the direction of the DEP force is
almost vertical and its horizontal component, responsible
for the Tpep torque, is negligible. The maximum Tpgp for SiC
NWs with similar dimensions, according to previous simula-
tion,*is about 1.5 x 107# pN - um, which is around 10* times
smaller than our calculated Tgp (0.8 pN - um). Therefore, the
Tep is the dominant torque to rotate the pn SiNWs, so the
pn SiNWs are aligned with the intrinsic dipole opposite to
the direction of the applied electric field.

Experimentally, the axially modulated pn SiNWs are
aligned by applying a 10 V dc bias across an electrode pair
(see Methods). The alignment process of the pn SINWs was
recorded through a high speed camera (Phantom Miro 3)
(Supporting Information, Supplementary Movies), which
shows that the pn SiNWSs are first attracted to the nearby
region of the electrode edges due to the DEP forces, then
rotate to the corrected orientation when needed under the
dominant influence of the Tgp torque, and finally are at-
tached to the electrodes. As such, the aligned pn SINWs are
parallel to the external electric field with the p-segment
contacting the higher potential side of the electrode pair
(Figure 2a, inset). The quality of the alignment can be clearly
seen from the SEM image (Figure 2b) where all the NWs are
almost parallel to each other. The density of the as-aligned
pn SiNWs can be controlled through the NW concentration
in the IPA suspension. The current—voltage (I—V) curves of
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FIGURE 2. Electrical transport of the as-aligned pn SiNWs. (a) I—V curves of the as-aligned pn SiNWs exhibit forward-biased rectifying behavior.
The schematic (inset) shows the final orientation of the as-aligned SiNWs when a 10 V dc voltage is applied to the left-hand side electrode.
(b) SEM images of the as-aligned pn SiNWs between two electrodes. (c) I—V curves of the as-aligned pn SiNWs show reverse-biased rectifying
behavior when a —10 V dc voltage is applied to the left-hand side electrode. (d) I—V curves of the as-aligned pn SiNWs are nonlinear without

rectifying behavior when ac voltages (5 V,,, 102 kHz) are applied.

the as-aligned pn SiNWs show good rectifying behaviors
(Figure 2a), confirming the orientation-controlled alignment
of the pn SiNWs, and their diode quality factors (n) have a
normal distribution of 2.12 £+ 0.31 summarized over 20
devices. The alignment direction of the pn SiNWs can be
reversed by applying a negative potential (=10 V, dc) to the
left-hand side electrode such that reversed rectifying behav-
iors are realized (Figure 2c¢). The above orientation-controlled
alignment of pn SiNWs suggests that Tgp, not Tpgp, is the
dominant torque for rotating NWs, so that the final orienta-
tion of pn SiNWs is determined by their intrinsic dipole
moments, which needs to be opposite to the direction of the
external electrical field to minimize the electric potential
energy. To further confirm the dominant role of Tgp in
alignment, we applied alternating current (ac) sine wave
voltages (5 Vp, 102 kHz) to change the direction of Tep
periodically so that the pn SINWs were rotated back and
forth. As expected, nonlinear [=V curves (Figure 2d) are
observed indicating that the pn SiNWs are aligned with
random orientations (Figure 2d, inset). These experimental
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results demonstrate that the axially modulated pn SiNWs are
controllably rotated and aligned by using dc electric fields.

We further deposited platinum (Pt) on top of the pn
SiNWs to confirm that the rectifying behavior of the pn SINW
diodes comes from the NWs themselves, not from the
asymmetric NW—metal contact.'* A 200 nm thick of Pt film
was deposited on all the pn SiNWs that bridge a metal
electrode pair by using a focused ion beam (FIB) (Figure 3a).
Before depositing Pt, as shown in Figure 3b, the as-aligned
pn SiNWs exhibit rectifying behavior but with hysteresis,
indicating that the metal-NW contact resistance is high. Such
rectifying I—V curves with hysteresis are observed for about
65% of the as-aligned pn SINW devices. After depositing Pt,
the hysteresis is removed and the current level is also
increased significantly (Figure 3b), implying that the NW—
metal contact resistance has been reduced effectively. Im-
portantly, the rectifying characteristics of the I=V curves are
preserved (Figure 3b), so it confirms that the rectification
behavior comes from the pn SiNWs which are aligned with
controlled orientations.
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FIGURE 3. Identify the origin of the rectifying behavior of the as-aligned pn SiNWs by adding a top Pt layer. (a) SEM images show that a 200
nm thick Pt layer was deposited on both ends of the as-aligned pn SiNWs by FIB. (b) I—V curves of the as-aligned pn SiNWs with (dotted lines)
and without Pt (straight lines). After depositing the Pt layer, the hysteresis is removed and the current level is increased, but the rectifying
behavior is retained. So the rectifying behavior comes from the pn SiNWs and not the NW—metal contact.

We have performed 177 alignment tests with different
metal electrode gap distances and achieved a 97.7 % yield
of the forward-biased diodes, and the rest 2.3 % devices (4
out of 177) have nonlinear /I—V curves without rectifying
properties (Supporting Information, Table S1). The nonlinear
I—=V curves could come from very poor metal—NW contact
quality or disorientated pn SiNWs, which can occur due to
the physical interference from the neighboring Nws.'*
Nevertheless, no reverse-rectifying behaviors were observed
for the 177 tests. The statistical data strongly supports that
the dc electric field-assisted alignment of the axially modu-
lated pn SiNWs provides excellent control of orientation with
high yield.

As discussed above, roughly 35% of the as-aligned pn
SiNWs have excellent rectifying I—V curves without hyster-
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esis. To further test the quality of these as-aligned pn SINW
diodes, we applied them directly to construct the OR and
AND diode logic gates. A number of pn SiNWs were aligned
across two different pairs of electrodes to construct two
diodes and an external resistor of 25 MQ was connected
for the test. Figure 4 illustrates the schematics (left) and
characteristics (right) of both logic gates. For both gates, all
the voltage inputs (Vin; and Vinp) when on high are 5 V
provided by an external power supply. For the OR logic gate,
when either of the input voltages is high (5 V), the output
voltage Vo is high (Figure 4a, right). Likewise, for the AND
logic gate, only when both inputs Vi,; and Vi, are high
(5 V), the output voltage V is high (Figure 4b, right). The
observed rectifying characteristics of OR and AND logic gates
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FIGURE 4. OR and AND diode logic gates constructed with the as-aligned pn SiNWs. (a) Schematics of the pn SiNWs OR logic gate (left). The
output voltage V,, is 1 when either Vi, and Vi, is 1, or both are 1 (right). (b) Schematics of the pn SiNWs AND logic gate (left), where V. is
the supply voltage. The output voltage Vo is 1 only when both V;,; and V;,, are 1 (right). For both the OR and AND gates measurements, logic
0 input is 0 V; logic 1 input is 5 V; and a 25 M2 external resistor was used to balance the diode resistance.

further support the good quality of the orientation-controlled
alignment of the pn SiNWs and the NW—metal contact.
Even though the as-aligned pn SiNWs with good rectifying
properties can be readily used as diodes and components
of logic gates, these NW devices need to be packed to
immobilize NWs and protect or even improve the quality of
the NW—metal contact. Packaging these NWs with metal
deposition by FIB as shown early is not practical for wafer-
scale fabrication due to the time-consuming serial deposition
of FIB. Here, we propose two methods to pack the as-aligned
NW devices depending on the original quality of the diodes.
The first method is used when the as-aligned pn SiNWs have
good rectifying characteristics without hysteresis, and the
NW devices are simply encapsulated by polydimethylsilox-
ane (PDMS). The liquid PDMS is poured directly onto the as-
aligned pn SINW devices and cured overnight at room
temperature. The liquid PDMS, due to its low viscosity and
low surface energy, penetrates into the gaps between NWs
and metals, and fully encapsulates the NW devices,”* as
shown in the inset of Figure 5a, where two tungsten wires
are embedded inside PDMS for electrical measurements. As
shown in Figure 5, the PDMS encapsulation step has negli-
gible effect on the [—V curves of the original as-aligned pn
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SiNW devices, and more importantly, the rectifying I—V
curves are preserved even after one month of PDMS encap-
sulation, suggesting that PDMS effectively protects the de-
vices from environmental damage.

The second packaging method essentially adds another
metal contact layer (Ti 5 nm/Pd 150 nm) on top of the pn
SiNWs by using photolithography (Figure 5b). The additional
metal layer not only fixes the locations of the NWs, but also
improves the NW—metal contact quality. For the contact
improvement, the surface native oxide of the pn SINWs is
removed with a buffered oxide etchant (BOE, 20:1) right
before the deposition of the top metal layer. As shown in
Figure 5b, after adding the top metal layer, the hysteresis
of the original [—V curves is removed. This method is
suitable for packing all the pn SiNWs at the wafer scale, in
particular for those as-aligned pn SiNWs devices with hys-
teretic [—V curves. These two packaging methods provide
effective means to bridge orientation-controlled alignment
of the axially modulated pn SiNWs with functional and
robust NW devices.

In summary, we have demonstrated orientation-con-
trolled alignment of the axially dopant-modulated pn SINWs
across metal electrode pairs with dc electric fields. The pn
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FIGURE 5. Two packaging methods for the as-aligned pn SiNWs to preserve the location of the NWs and protect or improve the quality of the
NW-—metal contacts. (a) The inset schematic shows that the as-aligned pn SiNWs are fully encapsulated by PDMS and the two tungsten wires
embedded inside PDMS are for electrical measurements. The rectifying I—V curves are not affected by the encapsulation process and are
preserved after one month. (b) The inset shows that additional metal contact layer (Ti 5 nm/Pd 150 nm) is added on top of the as-aligned pn
SiNWs by using photolithography. After adding the top metal contact layer, the hysteresis in the original I—V curve is completely removed

and the current level through the NWs is increased as well.

SiNWs suspended in IPA are attracted to the electrode edges
by the DEP forces and rotated by the Tgp torques, and their
intrinsic dipole moments are aligned at the opposite direc-
tion of the external electric field finally. About 97.7 % of the
as-aligned pn SiNWs have rectifying [—V behaviors and 35 %
of them have no hysteresis with an average diode quality
factor of 2.12. These good quality diodes can be directly used
to construct the OR and AND diode logic gates with high
performance. Furthermore, we have confirmed that the
origin of the rectifying behaviors come from the as-aligned
pn SiNWs, not from the NW—metal contact. Finally, we
demonstrated two effective packaging methods, that is,
PDMS encapsulation and addition of a top metal layer, to
immobilize the as-aligned NWs and to protect or even
improve the quality of the NW—metal contact. We believe
that the high-yield orientation-controlled, dc electric field-
assisted alignment of the axially modulated pn SiNWs,
together with the two packaging methods, can open up new
opportunities for developing heterogeneous NW-based de-
vices at the wafer scale.

Methods. Synthesis of the Axially Modulated pn
SiNWs. The NWs were grown by the vapor—liquid—solid

(VLS) growth mechanism using gold particles (100 nm
diameter) as the catalyst.>® During the growth period, the
precursor gases are changed to axially modulate the chemi-
cal composition of the SiINWs. For the pn SINWs, the feeding
ratio of silane to dopant (boron) for the p-segment is 4000:1
and the growth conditions are 650 °C, 5 Torr, 712 sccm of
H,, 30 sccm of SiHy, 30 sccm of HCI, and 37.5 sccm of
10 000:1 H, diluted B,H,. For the n-segment, the feeding
ratio of silane to dopant (phosphorus) is 1500:1 and the
growth conditions are 650 °C, 5 Torr, 730 sccm of Hy, 30
sccm of SiHy, 30 sccm of HCI, and 20 sccm of 1000:1 H,
diluted PHs. The length of the pn SiNWs is controlled by the
growth time and targeted for 6 um for both the p- and n-
segments.

v © 2010 American Chemical Society

5121

dc Electric Field-Assisted Alignment of the Axially
Modulated pn SINWs. After growth, the axially modulated

pn SiNWs are sonicated off from their growth substrate in
IPA to form a suspension. A drop of the suspension is
deposited on top of electrode pairs (5 mm wide x 5 mm
long, and 150 nm in height) predefined by photolithography.
The gap between the electrode pairs varies from 9 to 13 um
so that the gap distances are comparable to the lengths of
NWs.

Electrical Measurements and Image Recording. The
I—V curves were recorded using a semiconductor analyzer
(Keithley, model SCS 4200) in a probe station (Signatone).
The diode quality factor (n) was extracted from the dark I—V
curves using the ideal diode equation In(l) = (g/nkRT)V + In(lo)
where ¢ is the elementary charge, k is the Boltzmann
constant, T is the temperature, and I, is the saturation
current. The alignment process of the pn SiINWs was re-
corded in a microscope system (Olympus, U-CMAD3) with
a high speed camera (Phantom).
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