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ABSTRACT: Semiconductor nanowires and other semi- a
conducting nanoscale materials configured as field-effect * oiF
transistors have been studied extensively as biological/chemical P g m
(bio/chem) sensors. These nanomaterials have demonstrated p /\n e;:\;’\y =

high-sensitivity from one- and two-dimensional sensors, time (ms)
although the realization of the ultimate pointlike detector has
not been achieved. In this regard, nanoscale p—n diodes are

action
attractive since the device element is naturally localized near the Dt cell S potential
g g . g q g '?e Qs'// /\ é
junction, and while nanowire p—n diodes have been widely repy Lo <
studied as photovoltaic devices, their applications as bio/chem = 2 :}
sensors have not been explored. Here we demonstrate that p—n time (ms)

diode devices can serve as a new and powerful family of highly

localized biosensor probes. Designed nanoscale axial p—n junctions were synthetically introduced at the joints of kinked silicon
nanowires. Scanning electron microscopy images showed that the kinked nanowire structures were achieved, and electrical
transport measurements exhibited rectifying behavior with well-defined turn-on in forward bias as expected for a p—n diode.
In addition, scanning gate microscopy demonstrated that the most sensitive region of these nanowires was localized near the kinked
region at the p—n junction. High spatial resolution sensing using these p—n diode probes was carried out in aqueous solution
using fluorescent charged polystyrene nanobeads. Multiplexed electrical measurements show well-defined single-nanoparticle
detection, and experiments with simultaneous confocal imaging correlate directly the motion of the nanobeads with the electrical
signals recorded from the p—n devices. In addition, kinked p—n junction nanowires configured as three-dimensional probes
demonstrate the capability of intracellular recording of action potentials from electrogenic cells. These p—n junction kinked
nanowire devices, which represent a new way of constructing nanoscale probes with highly localized sensing regions, provide
substantial opportunity in areas ranging from bio/chem sensing and nanoscale photon detection to three-dimensional recording
from within living cells and tissue.
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he rational design and synthesis of nanomaterials have the junction.”* A number of previous studies have shown that
enabled many advances in functional nanoelectronics,' p—n junctions can be synthetically encoded in axial and core/
and moreover, have opened-up unique opportunities at the shell nanowires,”**>** although only the photovoltaic proper-
interface between nanoelectronics and biological systems.”'*~>! ties of such nanojunctions have been thoroughly studied.>*
For example, recent studies have shown that nanoscale field- Such p—n diodes have not yet been investigated as bio/chem
effect transistors (nanoFETs) can be synthetically encoded at the sensors. Here we report a successful synthetic integration of
tips of kinked silicon nanowires.”> These kinked nanostructures p—n junction in the kinked silicon nanowire structure, and study
can be readily configured as three-dimensional (3D) bioprobes, for the first time both experimentally and theoretically these
which enabled recording intracellular action potentials from devices as highly localized electronic biosensors. In particular,
beating cardiomyocytes in a minimally invasive manner.” This we focus on the use of p—n junction kinked nanowire devices
work represented the first demonstration of internalizing an for charge sensing down to the single nanoparticle level, and for
active electronic probe, a transistor, which was comparable in size intracellular potential recording within live cells.
to viruses and many biological macromolecules inside a cell. Kinked p—n junction silicon nanowires (SiNWs) were
While these studies open up a new paradigm for integrating synthesized by gold nanoparticle-catalyzed chemical-vapor-
electronics with cells and tissue, they are also potentially limited deposition (CVD) process with doping and geometric control
in that synthetic preparation of an ideal pointlike nanoFET
detector is challenging. Received: January 20, 2012
In this regard, nanoscale p—n diodes are attractive since the Revised:  February 6, 2012
device element is naturally localized at the depletion region of Published: February 6, 2012
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adapted from our previous report.>* Initially, boron-doped
p-type SiNWs were grown for 15 min at a calibrated growth
rate of 0.7 ym/min. The reactor was evacuated for ca. 15 s, and
then growth was continued using phosphine dopant to create
an n-type nanowire segment (forming the p—n junction) for
30 s, followed by a second cycle of reactor evacuation and
continued growth using phosphine for ca. 15 min. Scanning
electron microscopy (SEM) images of the SiNWs prepared in
this way (Figure 1a) showed that the majority (>90%) of the
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Figure 1. Design and controlled synthesis of kinked p—n nanowires.
(a) Representative SEM image of a kinked p—n SiNW with 120° tip
angle. Scale bar, 1 ym. Inset: Schematic of a kinked p—n nanowire
with 120° tip angle. The blue and red lines designate the p-doped and
n-doped arms, respectively. (b) Current vs voltage (I-V) data
recorded from a representative kinked p—n nanowire device. Inset:
SEM image of the device structure. Scale bar, 2 ym. (c) Schematic
band diagram (black curves) and band diagram change of kinked p—n
nanowires under gate potential. The blue and red dashed lines
designate band diagram under negative and positive gate potentials
respectively. Ec, Ey, and Eg mark the position of the conduction band,
valence band, and Fermi energy, respectively.

kinked nanowires have a 120° angle between the two arms,
which is consistent with our previous results that the abrupt
evacuation/resumption of feeding gases during the growth of
n-type SiNWs introduces a 120° kink in high-yield.” In addition,
analysis of images showed that a small fraction (<10%) of the
kinked nanowires exhibited a 60° angle (Supporting Informa-
tion Figure S1), indicating that the switching between p- and
n-dopant could also introduce a similar kink (with both in cis
orientation®) albeit at a much lower yield. Here we focus on the
120° kinked SiNWs.

To assess the overall electrical characteristics of the kinked
p—n nanowires, contacts (Cr/Pd/Cr 1.5/120/60 nm) were
defined on both arms by electron-beam lithography (EBL) and
metallization>*® (inset, Figure 1b). Typical current versus
voltage (I-V) data (Figure 1b) show clear rectification with no
measurable current in reverse bias and an onset for current flow
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of 0.6 V in forward bias. These results are consistent with
previously studies of straight SiNWs with axial p—n junctions.*
In addition, measurements made on devices with two contacts
per arm (Supporting Information Figure S2) showed that no
metal/SINW Schottky barriers were present and allowed the
estimation of the dopant concentrations. Specifically, the dopant
concentrations of the p-arm and n-arm were estimated to be
ca. 9 X 10" and 9 X 10" cm™, respectively.”®

In a planar p—n diode device, the p—n junction is mostly
buried beneath the surface and thus can only be partially gated
with a top gate electrode.”® In contrast, the axial design of our
kinked nanowires fully exposes the nanoscale p—n junction to
external potential and enables a much more effective gate
modulation of the transport behavior. Figure 1c illustrates a
schematic band diagram change of the nanowire diode when a
gate potential is applied at the p—n junction. The heavily doped
p- and n- arms are not affected by the gate and the Fermi energy
is pinned along the nanowire. When a negative potential is
applied, the electron energy levels in both the conduction band
and the valence band are raised (blue dashed lines in Figure 1c).
As a result, the p-depletion region becomes more conductive,
while the n-depletion region less conductive. In the case of
applying a positive potential, the opposite occurs. In order to
estimate the overall gate response of our device, we assume that
(1) the carrier concentration distribution in the depletion region
is linear, (2) the depletion region can be approximated as a
number of small segments, each of which can be treated as a
field-effect transistor with uniform doping, (3) the gate coupling
is ideal, and (4) the width of the depletion region is the same as
the abrupt junction. In addition, the mobility along the nanowire
is treated as uniform, to simplify the calculation without
affecting the physics. It follows that the resistance change (AR)
of the p—n junction can be expressed as AR o« AV[In(N,)/N,>
— In(Np)/Np?*] (see Supporting Information), where AV is the
change of the gate potential, and N and Ny, are the dopant
concentration of the p- and n-arms, respectively. When N, and
Np are equal or comparable, the p—n junction will behave as an
ambipolar FET. However, when N, < Np, the p—n junction will
function as a p-type FET, and similarly, when N, > Np, the p—n
junction will function as an n-type. In our design, the doping
level of the p-arm is ten times lower than the n-arm, thus the
device is predicted to behave as a p-type FET.

Tip-modulated scanning gate microscopy (tmSGM)>* was
used to identify directly the gate response and length-scale of
the sensitive regions in kinked p—n nanowire devices. Briefly, a
conductive atomic force microscopy (AFM) tip was used as a
local gate to modulate the conductance of the kinked p—n
nanowire junction.”® The conductance change was phase-locked
to the vibration of the tip to enhance the spatial resolution,”
and the conductance map at different tip biases was super-
imposed over the topological image of the device. Representa-
tive data (Figure 2a) show several key features. First, only
the region close to the kink where the p—n junction was
synthetically defined showed clear gate response. Second, the
p-depletion region gave 3—5 fold larger conductance change
than the n-depletion region (inset traces, Figure 2a). This result
is consistent with our theoretical estimate using the calculated
dopant concentration of the arms and implies that the device
behavior is similar to a p-type FET. Third, the length of the
p-depletion region, which defines the spatial resolution of the
device, was estimated from the full width at half-maximum
(fwhm) of the conductance line profiles along the nanowire axis
(inset traces, Figure 2a) and found to be 210 nm.>° While the
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Figure 2. tmSGM and water-gate experiments of kinked p-—n
nanowire devices. (a) Superposition of tmSGM images on AFM
topographic images of a representative kinked p—n nanowire device
under Vy;, of +5 V (left, scanning direction from top down) and —5 V
(right, scanning direction from bottom up), respectively. Scale bar,
0.5 pm. The blue/red arrows indicate the p-type and n-type depletion/
accumulation regions (left panel), respectively; the same positions
show accumulation/depletion in the right panel. Insets: line profiles of
the tmSGM signal along the white dashed lines about these p-type and
n-type regions. (b) Conductance versus water-gate reference potential
data recorded from a representative kinked p—n nanowire device in
1X phosphate buffer saline (PBS). Inset: schematic of conductance vs
water-gate experiment.

size of the sensitive region without optimization is comparable
to the best value reported in our previous work, we note that
theoretical spatial resolution of a gated p—n device, charac-
terized by the thickness of the depletion region, is 10—30 nm for
highly doped silicon®" and thus could be improved in the future.

The devices used for sensing experiments in solution were
fabricated through multiple EBL, metallization, and passivation
steps similar to previous reports>'®'>?¢ using Cr/Pd/Cr for
contacts and SU8 as the passivation layer to isolate the metal
electrodes from the aqueous medium. The sensitivity of kinked
nanowire p—n devices in solution was assessed by water-gate
experiments”'® (inset, Figure 2b), where the p—n junction was
forward biased at 1.0 V and a Ag/AgCl electrode was used to
control the chemical potential (V,) of the solution. Representa-
tive conductance versus V, data (Figure 2b) demonstrate a
p-type response and sensitivity of 620 nS/V. The p-type
response is consistent with the tmSGM results. The water-gate
results also exhibit an increase in noise with increasing device
conductance, which could be due to increased recombination
at higher carrier concentrations within the depletion region.””
From a practical perspective, such water-gate data can be used to
choose an optimal operating regime (ie., where the sensitivity/
noise ratio is maximized), although future work should also
address fundamental origin of noise in these p—n junction
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nanowire devices and potential reductions through, for example,
improvements in junction quality and reduction of the surface
defects.

Localized detection using our kinked p—n probes was first
explored in single nanoparticle sensing experiments. Specifi-
cally, an array of kinked p—n nanowires probes on a SiO,
substrate™'®'* was coupled to poly(dimethylsiloxane) (PDMS)
microfluidic channel to control the solution flow over the
devices.>* Conductance versus time traces recorded simulta-
neously from two independent devices following the
introduction of a 1.2 nM solution of 100 nm diameter charged
fluorescent polystyrene nanobeads (Figure 3a) exhibit several
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Figure 3. Fluorescent polystyrene nanobead sensing experiment.
(a) (Left) Conductance vs time data recorded simultaneously from
two independent kinked p—n nanowire devices with nanobeads in
deionized (DI) water introduced into the microfluidic channel. Black
arrows mark the on/off points of the signals. (Right) Conductance vs
time data recorded simultaneously from the same two devices with
only DI water in the microfluidic channel. (b) Schematic of fluorescent
polystyrene nanobead sensing process using kinked p—n nanowire
devices and the corresponding schematic of time-dependent change in
device conductance. Black arrows mark the on/off points of the signal.
(c) (Top) Simultaneous confocal microscopy and conductance vs time
data recorded from a kinked p—n nanowire device in a nanobead
solution flow. Red arrow marks the charge sensing signal. Blue arrows
mark the photocurrent peaks caused by the laser scanning over the
p—n junction for images 1 and 2. The green arrows in the images
highlight the positions of the nanowire junction and fluorescent
nanobead in both images. In Image 1, the two green arrows overlap.
(Bottom) Simultaneous confocal microscopy and conductance vs time
data recorded from the same device without nanobeads in solution.
Blue arrows indicate photocurrent peaks due to the laser scanning over
the p—n junction. The green arrow in the image highlights the position
of the nanowire junction. All the electrical data were filtered through a
100 Hz low-pass digital filter. Scale bars, 5 pm.

key features. First, when nanobeads solutions flow through
the device area, uncorrelated “pulse” (on/off) signals were
observed from both devices (red traces, Figure 3a). The time
duration time of the “on” state of the pulses ranged from 50 to
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200 ms. Second, the conductance amplitudes of signals recorded
on device-1 (D1) and device-2 (D2) were consistently 3—4 and
2-3 nS, respectively. The calibrated potential change (based on
the water-gate sensitivity of the two devices) yields a consistent
decrease of 5—6 mV at the p—n junction of both devices. This
decrease in potential is also consistent with the negative charge
on the nanobeads.** Third, introduction of the aqueous solution
without nanobeads (green traces, Figure 3a) exhibited no on/off
pulsed signals from either device even over much longer
recording times. Together, these results are consistent with the
detection of single nanobeads as outlined schematically in
Figure 3b. Briefly, when there is no nanobead close to the p—n
junction within the Debye screening length, the conductance of
the device remains constant (left image, Figure 3b). When a
nanobead approaches and/or attaches to the p—n junction, an
increase of conductance will be observed due to the negative
charges on the nanobead® (middle image, Figure 3b), and
when the nanobead leaves the sensitive region of the probe, the
conductance returns to baseline (right image, Figure 3b).

To confirm this interpretation of the multiplexed electrical
measurements we carried out simultaneous confocal fluorescent
microscopy imaging and electrical recording in the presence and
absence of the fluorescent nanobeads.®” Significantly, we find
that a conductance pulse (red arrow, Figure 3c) similar to that
observed in measurements described above occurs when a single
nanobead approaches the p—n junction at the elbow of the kink
(inset-1) and then diffuses away (inset-2). The SO ms wide
conductance pulse is consistent with brief contact between the
nanobead and the p—n junction during this process. We also
note that when the laser scans over the p—n junction, there is a
photocurrent (conductance increase) as indicated by blue
arrows 1 and 2 (Figure 3c), and this can be used to assign
the times when each image is captured. In addition, when the
same solution without fluorescent nanobeads was introduced
into the device, only periodic photocurrent was observed (lower
trace, Figure 3c). These control experiments further confirm
that conductance pulses correspond to single nanobead
detection and also highlight the potential of our p—n devices
as pointlike nanoscale photodetectors for biophysical studies
and imaging,

We have also configured the kinked p—n junction nanowires
as three-dimensional (3D) probes for highly localized
interaction with living cells (Figure 4a). The 3D p—n junction
devices were fabricated using procedures similar to our previous
studies” to yield nanowire probe oriented at 45—60° angle
with respect to the substrate. In a typical experiment, the 3D
p—n junction nanowire probes were functionalized with
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer
and then embryonic chicken cardiomyocyte cells cultured on
a PDMS sheet were positioned over a nanowire probe within
a cell perfusion chamber.>** Representative conductance versus
time data recorded from a spontaneously beating cardiomyocyte
cell (Figure 4b; Supporting Information Figure S3) initially
show an approximately 20 mV shift as the probe transitions
from the extracellular region to the intracellular rest potential,
which is consistent with our previous studies,” followed by the
development of periodic spikes with the same frequency of the
overall cell contraction, and an amplitude, shape and time scale
of individual peaks characteristic of the intracellular action
potential. Specifically, a reproducible fast onset of over 60 mV
increase in local potential is observed followed by a broad slow
return to baseline within 200 ms, which is consistent with the
intracellular action potentials recorded using a patch clamp.*®
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Figure 4. Intracellular electrical recording from spontaneously beating
chicken cardiomyocytes. (a) Schematic of intracellular recording from
spontaneously beating embryonic chicken cardiomyosytes cultured on
PDMS substrate using 3D kinked p—n nanoprobes. (b) (Top) Steady-
state intracellular recording using a 3D kinked p—n nanoprobes from a
spontaneously beating cardiomyocyte cell. (Bottom) Zoom of the
single action potential peak from the green-dashed region.

These results show that the nanoscale p—n diode sensor can be
internalized by the cell. In addition, we find that these nanowire
p—n junction probes can be inserted and retracted multiple
times from the same cell without losing key features of the
intracellular action potential or loss of cell viability, highlighting
the minimal invasiveness of these nanoscale probes. We note
that the highly localized nature of our p—n kinked probe could
enable detailed studies of the potential distribution within the
cell and in subcellular structures. However, the current probe
design does not provide sufficient control of the probe-cell
position for such experiments due to the flexibility of the
floating PDMS cell substrate.

In conclusion, we have demonstrated for the first time that a
nanoscale axial p—n junction synthetically embedded in a kinked
nanowire structure can be tuned to work as a highly localized
field-effect sensor to detect charges down to a single nanoparticle
level and to record full intracellular signals of spontaneously
beating cardiomyocyte cells. Compared to previously reported
nanoFET probes,” this gateable p—n diode device represents a
new family of nanoscale biosensor probes with several unique
advantages, including (1) a highly localized sensing region that
can be tuned simply by optimizing the doping levels of the
p- and n-arms, (2) the possibility of yielding different types of
field-effect sensors (i.e., p-type, n-type, and ambipolar) by tuning
the relative doping ratio between the p- and n-arms, and (3) the
potential of using the p—n junction as a 3D nanoscale photo-
detector, for example, to study highly localized fluorescent events
when integrated within living cells and tissue.
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Apparatus). A confocal fluorescent microscope (FV1000, Olympus)
was used to image the motion of the fluorescent nanobeads and the
kinked probes in real time while the conductance was recorded. Real-
time fluorescent images of the p—n junction area were captured at a
rate of 2 Hz using a 559 nm laser to excite the nanobeads. Two
channels with filters of 490—540 nm and 575—675 nm were recorded
together to rule out noise signals and unambiguously identify the
nanobeads. Images were then superimposed over the device image
recorded with a 535—565 nm filter to mark the relative position of the
nanobeads and the p—n junction.
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(33) The zeta potential of the nanobeads was measured using PALS
Zeta Potential Analyzer (Brookhaven Instruments). An averaged zeta
potential of =59 + 11 mV from 6 runs was obtained.

(34) Embryonic chicken cardiomyocytes were cultured using
published protocols on thin PDMS films.»'" Device chips were
incubated with lipid vesicles of 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC, Avanti Polar Lipids Inc.) containing 1% 1-myristoyl-
2-{12-[(7-nitro-2—1,3-benzoxadiazol-4-yl) amino] dodecanoyl}-sn-
glycero-3-phosphocholine (NBD-lipid, Avanti Polar Lipids Inc.) as
fluorescent reporter to form lipid bilayers over the nanowire surface,
using a procedure described earlier.” The cell recording measurements
were carried out in Tyrode solution (Sigma Aldrich) at 35 °C. The
devices were forward biased at 1.0 V, and the current was converted to
voltage with a current preamplifier (Model 1211, DL Instruments) at
sensitivity of 107 A/V, before low-pass filtered (0—6 kHz, CyberAmp
380, Molecular Devices) and digitized at 20 kHz sampling rate (Axon
Digil440A, Molecular Devices). A Ag/AgCl reference electrode was
used to fix the extracellular solution potential at a constant value of
+0.3 V in all recording experiments.”'" The PDMS/cell sheets were
manipulated using a glass micropipette mounted on a micromanipulator
(MP28s, Sutter Instrument) to control the relative position between the
cells and the nanowires as previously reported.”"!
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