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Ratcheting quasi-ballistic electrons in silicon
geometric diodes at room temperature

James P. Custer Jr.!, Jeremy D. Low’, David J. Hill, Taylor S. Teitsworth’, Joseph D. Christesen’,
Collin J. McKinney?, James R. McBride®, Martin A. Brooke®, Scott C. Warren™®, James F. Cahoon'*

Ratcheting effects play an important role in systems ranging from mechanical socket wrenches to biological
motor proteins. The underlying principle is to convert a fluctuating, unbiased force into unidirectional motion.
Here, we report the ratcheting of electrons at room temperature using a semiconductor nanowire with
precisely engineered asymmetry. Modulation of the nanowire diameter creates a cylindrical sawtooth
geometry with broken inversion symmetry on a nanometer-length scale. In a two-terminal device, this
structure responded as a three-dimensional geometric diode that funnels electrons preferentially in one
direction through specular reflection of quasi-ballistic electrons at the nanowire surface. The ratcheting
effect causes charge rectification at frequencies exceeding 40 gigahertz, demonstrating the potential for
applications such as high-speed data processing and long-wavelength energy harvesting.

atchets take various forms, from socket

wrenches that convert mechanical action

into rotation, to biological motor pro-

teins that convert thermal fluctuations

into transport (7). In general, ratchets
convert an unbiased fluctuating force into
unidirectional motion (2). A tilting ratchet
(Fig. 1A), for instance, has a spatially periodic
but asymmetric geometry or potential that
converts an oscillating force into directed mo-
tion (3). Tilting ratchets have been realized
for microscopic particle-based systems such
as microfluidic beads (4); however, electron
ratcheting effects, reported in only a hand-
ful of instances (3, 5-7), have remained a chal-
lenge because of the inherently short time and
length scales of electron motion. Here, we
report tilting ratchets for quasi-ballistic elec-
trons using asymmetric diameter-modulated
silicon nanowires (NWs). The NW ratchets
conduct current preferentially in one direc-
tion and behave as high-frequency geomet-
ric diodes at room temperature, overcoming
limitations of more conventional devices and
enabling energy harvesting and signal pro-
cessing technologies.

Like ratchets, conventional electrical diodes—
which include two-terminal semiconductor p-n
junctions and metal-semiconductor Schottky
barriers—control the flow of electrons. How-
ever, they operate through a fundamentally
different set of mechanisms, relying on ca-
pacitive depletion regions, band bending, and
band offsets for their function. In a Schottky
diode (Fig. 1B), electrical current flows in the
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forward direction through thermionic emis-
sion of electrons over a voltage-dependent po-
tential barrier, and current is blocked in the
reverse direction by the Schottky barrier (8).
Typical diodes can achieve direct current (dc)
asymmetries, calculated as the magnitude of
the ratio of forward-bias current, I(+|V,upl),
to reverse-bias current, I(—|V,p|), at a given
applied voltage (Vypp), greater than 10°. How-
ever, because the operation of these diodes
relies on a potential barrier, they possess a
large capacitance. Thus, their ability to rectify
alternating current (ac) at high frequencies
is fundamentally limited by a resistance-
capacitance (RC) time constant (9).

Geometric diodes are an alternative par-
adigm that takes advantage of noncentro-
symmetric structures to induce current flow
preferentially in one direction (5, 10, 1I). A
geometric diode (Fig. 1C) can be created by
using a sawtooth geometry in which electrons
undergo quasi-specular reflection at the bound-
aries of the structure, directing electrons through
a constriction in the forward direction. In the
reverse direction, electrons are reflected back-
ward, blocking current. To function, the phys-
ical dimensions of a geometric diode must be
comparable to the mean free path (MFP) of
the majority carrier, allowing the devices to
operate in the ballistic or quasi-ballistic re-
gime, in which surface reflections dominate
over other charge-carrier scattering mecha-
nisms (II). These structures are theoretically
limited not by RC time constants but by the
inherent ballistic motion and flight time of
charge carriers. Potential advantages include
near zero-bias turn-on and ac operation into the
terahertz regime (9, 12), unlocking applications
that include high-speed signal processing or data
transfer (13, 14) and long-wavelength energy
harvesting (15, 16).

Four-terminal ballistic rectifiers operating
at cryogenic temperatures (I7) and room tem-
perature (I18) and quantum ratchets operating

at cryogenic temperatures (3) have been re-
ported with two-dimensional electron gases.
Rectifying devices have also been fabricated
with graphene (6, 19), but two-terminal geo-
metric diodes with large dc asymmetry (>5)
at room temperature have yet to be realized.
We demonstrate NW-based three-dimensional
(3D) ballistic geometric diodes that exhibit dc
asymmetries as high as 10® at room temper-
ature and that ratchet electrons at ac fre-
quencies exceeding 40 GHz. The two-terminal
geometric diodes are composed of silicon (Si)
NWs in which the diameter is modulated to
produce a tapered, noncentrosymmetric saw-
tooth with cylindrical symmetry (Fig. 2A). Key
geometric parameters include the outer wire
diameter (D), constriction diameter (d), ratchet
length (L), ratchet angle (6), and constriction
angle (). These single-crystal Si structures
are fabricated by a bottom-up vapor-liquid-
solid (VLS) growth process (20) using Au
catalyst nanoparticles that dictate D.

To modulate diameter, the dopant precur-
sor flow rate was rapidly varied during VLS
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Fig. 1. Ratchets and diodes. (A) Schematic
illustration of the tilting ratchet under positive, zero,
and negative applied forces. Axes denote asym-
metry in potential (y) or geometry (y) as a function
of spatial position (x). (B) Band diagram of a
Schottky-barrier diode (upper), showing metal on
the right and the conduction band for an n-type
semiconductor on the left. Dashed line represents the
Fermi level. Lower schematic represents the depletion
region, showing regions of positive and negative
charge density at the semiconductor-metal interface.
(C) Schematic illustration of a geometric diode in a
sawtooth geometry showing specular reflection of
electrons coming from the left and right.
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growth to vary dopant concentration along
the NW axis to yield abrupt and radially
uniform profiles (21), as shown by scanning
transmission electron microscopy elemental
analysis for n-type NWs doped with phos-
phorus (fig. S1). Wet-chemical etching of the
NWs yielded a diameter profile that is depen-
dent on the encoded dopant profile (22, 23).
For example, Fig. 2B displays scanning elec-
tron microscopy (SEM) images of two n-type
NW segments that were etched under the
same conditions but yielded different values
of 6 and d with the same D and L. The dop-
ant and diameter profiles for the two segments
(Fig. 2C) demonstrate that larger 6 and lower
d were synthetically encoded by using lower
doping levels within the tapered region.

Thus, through control of catalyst diameter,
etch conditions, and doping level, the fabrica-
tion process yielded direct structural tunability
of the geometric parameters. The constriction
angle o is, however, limited from a more ideal
value of 90° by the wet-etch process, yielding
typical values of 30° to 60° In addition, the
bottom-up process allowed multiple geomet-
ric diodes to be encoded in series within a
single NW (Fig. 2D). All ratchet geometries
described herein used dopant profiles that
produced nominally intrinsic Si at the constric-
tion and had features on a scale comparable to
the electron MFP in Si at room temperature,
which we estimate to be ~10 to ~30 nm or more
(see supplementary text section of the supple-
mentary materials).

To probe the geometric diode behavior,
n-type single-NW devices were fabricated (20),
as shown by the representative SEM images
in Fig. 2E. Four electrical contacts were de-
fined per NW to ensure Ohmic contacts (fig.
S2), and, except where noted, measurements
were performed under vacuum directly after
fabrication. The dc current-voltage (I-V) curves
were collected using the polarity indicated
in Fig. 2E, and room-temperature results for
four NWs with 6 ranging from 0° to 13° are
shown in Fig. 3A. The NW with 6 = 0° showed
a linear I-V response, whereas NWs with 6 >
0° showed increasingly nonlinear and diode-
like I-V responses. The dc asymmetry of the
devices progressively increased from unity to
>10 for |Vypp| = 1V (Fig. 3A, inset). Results for
>100 measured devices showed that the dc
asymmetry exhibited the polarity indicated
in the diode schematic in Fig. 2E with 100%
yield. Moreover, devices with prolonged air
exposure, for which native oxide had formed
on the surface (fig. S3), yielded values > 10%,
as shown by the /- curve and dc asymmetry
data in Fig. 3B.

We modeled the diodes to understand the
geometric dependence of the behavior. Finite-
element (FE) electrostatic simulations (fig. S4),
which have been shown to accurately describe
NW p-n junctions (20, 24), demonstrated that
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the degenerately doped n-type segments ad-
jacent to the sawtooth geometry caused all
potentials to drop across the sawtooth region
and served as electron reservoirs that could
inject electrons into the sawtooth region. How-
ever, the FE simulations did not reproduce
the diode response of the devices because
they did not account for the quasi-ballistic
nature of electrons. Thus, we developed a
simple analytical model (20, 25) to qualita-
tively capture these effects by describing the
trajectories of single electrons within the
sawtooth region (Fig. 3C, inset) assuming bal-
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Fig. 2. Designing Si NW ratchets. (A) Design

and geometric parameters for a two-terminal NW
geometric diode with 3D morphology. (B) SEM
images of two NW geometric diodes. Scale bars,
100 nm. (C) Diameter profiles (solid lines) and
phosphine (PH3) dopant precursor flow profiles
(dashed lines) for the two geometric diodes, | (red)
and Il (blue), shown in (B). sccm, standard cubic
centimeters per minute. (D) SEM image of a NW
with three geometric diodes encoded in series.
Scale bar, 200 nm. (E) SEM image of a single-NW
device with two Ti/Pd electrical contacts on either
side of the geometric diode. Scale bar, 5 um.
(Inset) Higher-magnification SEM image of the red
boxed region and circuit-diagram representation

of the geometric diode, showing the anode (+) and
cathode (). Scale bar, 250 nm.

listic trajectories without phase coherence ef-
fects (see supplementary text) (Z7). The model
integrates over trajectories that originate with
a narrow angular distribution (accounting
for the field-driven transport) within one MFP
of the constriction, considering both direct
transmission through the constriction and
multiple specular reflections from the NW sur-
face. It permits the calculation of transmission
coefficients for passage through the constric-
tion (11, 17), and we use the ratio (3) of trans-
mission coefficients in forward and reverse
bias for qualitative comparison to the dc asym-
metry measured by experiment (see supple-
mentary text).

Figure 3C displays 6 for different values of
@ at a fixed L as a function of fsnumber (V)
with N = f/D, where f is the effective focal
length of the ratchet (Fig. 3C, inset) and N =
(2tan(B)) .. For relatively large values of )
and N values above ~5, the model predicted
that as N decreased, § increased. For N below
~5, however, & approached unity because d
approached zero. The model also showed
that 6 depended strongly on the initial an-
gular distribution, and substantially higher
values could be achieved by varying this dis-
tribution (fig. S5). Moreover, for a fixed N,
decreasing ¢ caused 6 to decrease, because a
smaller ¢ corresponded to an increasingly sym-
metric sawtooth structure.

Figure 3D displays experimental results cor-
relating measured geometric structures with
the I-V behavior. Champion devices for each
value of N exhibited a trend of increasing dc
asymmetry with decreasing N, in qualitative
agreement with the trends for 8. As expected,
there was no correlation between N and ¢;
however, lower values of ¢ precluded a high dc
asymmetry, in agreement with the trends for &
from the model. Images of three select devices
(labeled 1 to 3), each with a dc asymmetry > 10
(Fig. 3D, inset) show the various geometries
that produced high asymmetry values.

Because MFP substantially increases at lower
temperatures (8, 26), we measured temperature-
dependent I-V characteristics between 350
and 77 K (fig. S6). As temperature decreased,
the dc asymmetry increased from 3.5 at 350 K
to ~500 at 77 K, which is consistent with an
increase in MFP. In addition, p-type NW de-
vices were fabricated and exhibited a reversal
of diode polarity, as expected because the ma-
jority carriers changed from electrons to holes
(fig. S7). The low-temperature and p-type data
thus further verified the quasi-ballistic mech-
anism of operation.

The champion room-temperature dc asym-
metry (Fig. 3B), achieved with a stable surface
oxide on n-type NWs after extended expo-
sure to ambient conditions, yielded a value
of ~1600 at |V,pp| =1V with ¢ = 46° and N =
5.4. The higher asymmetry with surface ox-
ide can be attributed to a smaller effective
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Fig. 3. Two-terminal geometric diodes. (A) /-V curves
measured from four separate single-NW devices with

0 of 0° (red), 4° (orange), 9° (green), and 13° (blue). Current

values for each device are scaled by the factors indicated
(Inset) The dc asymmetry at |V, =1V as a function

of 6. (B) Semi-logarithmic /-V curve for a device with stable

native oxide. (Inset) The dc asymmetry as a function of
[Vappl- (C) & calculated as a function of N (lower axis)
with D =100 nm and L = 400 nm, assuming ¢ of 90°

(black), 65° (blue), 45° (green), and 25° (red), where MFP
is 0.3D. The d corresponding to values of N are shown on

the upper axis. (Inset) Schematic illustration of the

analytical model showing example trajectories of electrons

originating within a set MFP of the constriction that
successfully pass through the constriction. Colored
trajectories denote qualitatively different pathways that
involve either direct transmission (blue) or specular

reflection (green, orange, and red) from the correspond-
ing color-coded segments of the NW surface. The geometric

parameters f and D that define N are also shown.

(D) Experimental values of dc asymmetry at [Vapp| =1V
collected from 81 single-NW devices plotted as a function

of N. Data points are color-coded according to the con-
striction angle ¢. The black line is a guide to the eye.
(Inset) SEM images of three high-asymmetry devices,

labeled 1 to 3, overlaid with a diagram of their geometry.

Scale bars, 200 nm. (E) Semi-logarithmic I-V curves
for two diodes encoded in series within a single NW,

showing the I-V response across both diodes (purple) and

response of the individual diodes (red and blue).
Dashed line represents the predicted response of the
series-connected diodes based on the responses of
individual diodes.

constriction and band bending that screened
surface defects and improved specular reflec-
tion. Alternate surface passivation strategies,
including aluminum oxide and thermal oxide,
yielded similar results (fig. S8).

The bottom-up fabrication process also fa-
cilitated the series connection of multiple sub-
units within a single NW, as illustrated by
the SEM image of geometric diodes in series
in Fig. 2D. To test this design, I-" curves for
two geometric diodes encoded in a single
NW, measured separately and in series, are
shown in Fig. 3E. When measured in series,
the device exhibited the expected combined
response from the two individual diodes because
the nonballistic, degenerate n-type segments be-
tween the diodes acted as an ohmic connec-
tion between the two. Analogously, separate
NWs can be wired in parallel, exhibiting the
expected current summation (fig. S9). To-
gether the results indicate that a combination
of surface treatments and series or parallel
connections can be used to create tunable I-V
characteristics.

The quasi-ballistic operation of the geomet-
ric diodes enables electron ratcheting at high
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ac frequencies, which manifests as rectifica-
tion of an ac signal to produce a dc voltage
(V4e)- The flight time of charge carriers through
the quasi-ballistic region of the structure dic-
tates the inherent response time, and for elec-
trons at the Fermi velocity moving through
the Si geometric diode, it is expected to exceed
~1 THz (see supplementary text). To test the
frequency response of the diodes up to the
instrumental limit of 40 GHz, the circuit shown
diagrammatically in the inset of Fig. 4A was
used to measure V. (20). Figure 4A shows the
expected proportional increase of V3, with
power and verifies high-frequency electron
ratcheting. Figure 4B shows Vg, as a func-
tion of frequency normalized by the sepa-
rately measured transmitted power through
a transmission line on the device chip (Sy)
(20). This normalization partially accounted
for frequency-dependent parasitic elements
within the measurement system that alter
the ac power applied to the device at each fre-
quency (fig. S10). The quantity V3./Ss; shows a
relatively flat response from 100 MHz to 40 GHz,
highlighting the broadband electron ratchet-
ing effect in these diodes.
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Because of their high-frequency response,
the geometric diodes could be used for energy
harvesting and signal processing applications.
Figure 4C shows I-V curves of a geometric
diode rectifying Wi-Fi signals (5.2 GHz) at vary-
ing powers. The I-V curves progressively shifted
into quadrant II as ac power increased, corre-
sponding to increasing power conversion and
demonstrating the ability of the diodes to serve
as long-wavelength energy harvesters in anal-
ogy to the operation of a solar cell (27). The
geometric diodes could serve as the rectifying
component of rectennas (15, 16, 28), harvesting
background radiation for low-power consump-
tion devices (29). Similarly, Fig. 4D shows the
response of a geometric diode to a 20-GHz ac
signal that was amplitude-modulated between
—27 and -5 dBm to convey musical notes, pro-
ducing clear V. levels for each signal am-
plitude. This example highlights the signal
demodulation and processing capabilities of
the geometric diodes. Together, Fig. 4, C and
D, demonstrate that a single input signal
could simultaneously provide data and be
rectified into useable power (30). These demon-
strations, combined with the ability to create
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Fig. 4. High-frequency electron ratcheting.

(A) V4 as a function of applied ac power at 40 GHz,
with power displayed in units of decibel-milliwatts (dBm)
(lower axis) or voltage across a 50-ohm load

(upper axis). (Inset) Circuit diagram of the measurement
setup. (B) V4. normalized to S,; as a function of
frequency for a single NW device. (C) I-V response

of a geometric diode with 5.2-GHz ac applied at

powers of -27 (blue), =7 (green), -3 (orange), and

-1 dBm (red). Circles denote the maximum power

points for each diode. (Inset) Schematic illustration of
energy harvesting at Wi-Fi frequencies. (D) Demodulation
of a 20-GHz square-wave amplitude modulated signal,
corresponding to musical notes, by the geometric

diode. The Vq4. response time is limited not by

the diode but by the measurement unit and integrating
capacitor. Color-coding corresponds to the solfege
shown on the right-hand axis. (Inset) Musical

notation corresponding to the input signal.
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Room-temperature electron ratchets

Conventional diodes rectify current flow by forming a junction between dissimilar conductors; a
metal-semiconductor diode that forms a Schottky barrier is one example. In these devices, capacitance limits operating
frequency. Custer et al. describe a diode made entirely of silicon that can rectify currents up to 40 gigahertz at room
temperature. They fabricated silicon nanowires with a cylindrical sawtooth profile that act as ratchets, funneling current
preferentially in one direction through specular reflection of quasi-ballistic electrons.
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