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Chapter 3

Demultiplexing ultra-dense nanowire
arrays

3.1 Introduction

One of the central challenges of both nanoscience and nanotechnology is the selective
addressing of and interaction with individual nanostructures at high densities (i.e.,
densities limited only by the intrinsic size and packing of the nanostructures); in the
absence of a resolution to this problem, many of the potential benefits of these emerging
fields will remain unrealized. Specifically, this challenge manifests over a range of
problems varying from coupling conventional electronics to novel nano-scale memory
and logic architectures', to addressing of single nanoparticles for applications in quantum
computing®, to construction of high-density biomolecular sensor circuits’ *, to name a
few. Within the field of nano-electronics, this challenge can be framed as the ability to
fabricate and address circuits that have characteristic wire dimensions and pitches that are
smaller than the resolution achievable through lithographic patterning. For instance, I
describe in Chapter 4 a novel molecular electronic memory circuit fabricated from
crossed arrays of nanowires (NWs) that is nearly two orders of magnitude denser than

conventional circuitry. However, the lack of a robust technology to selectively address



46

individual NWs from within such an ultra-dense array reduces the effective density of the
memory circuit to that of conventional (lithographically-defined) circuitry.

The first aspect of this challenge, which consists of patterning and assembling
NWs at ultra-high densities, has been achieved by several groups. Methods have included
the assembly of catalytically-grown’ NWs with the use of Langmuir-Blodgett
techniques™ ® 7, harnessing competing interactions (i.e., long-range Coulombic repulsions
and short-range van der Waals attractions) to control NW length and pitch® °, and, as
described in detail in Chapter 2, using molecular beam epitaxy (MBE)-grown
GaAs/AlGa(i»As superlattices as templates for depositing and subsequently transferring
NWs onto thin-film substrates'” "

Architectural concepts for meeting the second aspect of this challenge, which
consists of electrically addressing (demultiplexing) individual NWs that are patterned at
sub-lithographic densities, have also been proposed, but not yet implemented. The key
objectives are three-fold. First, the demultiplexer architecture must bridge from the
micrometer or submicrometer dimensions achievable through lithography to the few-
nanometer dimensions achievable through alternative patterning methods. Second, the
architecture should allow for the addressing of large numbers of NWs with small
numbers of micrometer or submicrometer wires. Third, the manufacture of the
multiplexer should be tolerant of fabrication defects.

Proposed demultiplexer architectures'? have been based on combining crossbars'
(NWs crossed by lithographically patterned demultiplexing wires)"> with multi-input
binary tree decoders'®. Binary tree decoders, by their very nature, exhibit order 2xlog,(N)

scaling, where N is the number of output NWs and 2xlogy(N) is the number of input
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demultiplexing wires needed to address the NWs. Because each wire among a pair of
input wires addresses one-half of the output NWs (Figure 1.A), 2" NWs can be addressed
by n input-wire pairs. This allows a small number of input wires to uniquely address an
exponentially large number of NWs. In practice, demultiplexers for addressing very
dense arrays of NWs require additional input wires above the theoretical minimum of
2xlogy(N), due to fabrication constraints. However, the number of additional input wires
increases only linearly as fabrication tolerances are increased for the optimized structure
described in this work. As will be discussed in the next section, this makes the binary tree

demultiplexer very tolerant to alignment and manufacturing defects.

3.2 Demultiplexer architectures and alignment tolerance

Kuekes and Williams'®> were the first to describe a scheme for bridging microscale and
nanoscale wires with a diode- or resistor-based decoder that utilized randomly deposited
gold nanoparticles sandwiched within a crossbar of microscale address wires crossing the
NW array. Although they demonstrated that 5xlogy(N) ‘large’ wires should be sufficient
to address a dense array of N NWs, their technique required non-standard fabrication
procedures and extensive testing to identify unique NW addresses. DeHon, Lincoln, and
Savage'? described a more complex architecture for addressing N NWs using no more
than 2.2xlogy(N) + 11 address wires. Their scheme utilizes field-effect gating of NWs by
a microwire demultiplexer that allows tighter address encoding, and is compatible with
conventional microelectronic fabrication procedures. However, their scheme requires

control over the doping profile along the axial dimension of the NWs. Such NWs have
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16-18

been recently realized experimentally ", and Lieber’s group has used them to

demonstrate a demultiplexer that bridges fabrication methods (i.e., self-assembly versus

lithographic patterning), but not length scales'” >

. Both of these demultiplexing schemes
are based upon placing a number of control regions (gates) on the surface of the NWs. An
individual NW, which is initially in the non-conducting state, will conduct only when all
of the control regions are field- or voltage-addressed; that is, it is the logical equivalent of
a multi-input AND gate. (Conversely, demultiplexed NWs described herein conduct only
when they are not addressed; i.e., the control regions amount to a multi-input NOR gate.)
While both architectures are tolerant of a certain amount of randomness in their
fabrication process and both exhibit logarithmic scaling to allow a few inputs to address
many NWs, they are required to be more complex than the architecture described below
due to the stochastic dimensions of the NWs they function to address. How precisely the
dimensions of the NW array (i.e., NW diameter, length, pitch, etc.) can be controlled
determines how much additional complexity is required from the NWs’ electrical
properties or from the demultiplexer architecture to facilitate unique addressing of each
NW within an array.

Most NW fabrication procedures (including those described above) only
approximately control NW diameter, pitch, and length. Proposed demultiplexing concepts
then require a combination of sophisticated NWs (i.e., NWs in which the doping is
controlled along the axial dimension as described above) and demultiplexers with several
additional (redundant) address lines. Conversely, the superlattice NW pattern transfer

(SNAP) technique, described in detail in Chapter 2, permits the fabrication of NWs with

precisely controlled NW width and pitch, and this substantially eases the requirements of
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the NWs’ electrical properties and on the demultiplexer architecture. Rather than
requiring the demultiplexer to bridge fabrication approaches and dimensions, it only has
to bridge dimensions. The highly ordered nature of SNAP-fabricated NW arrays enables
the development of a straightforward field effect transistor (FET)-based demultiplexing

architecture that uses traditional microelectronic (lithographic) processing.

The FET-based binary decoder architecture used in this work (in conjunction with
SNAP-fabricated NWs) is a defect-tolerant design that can allow for large margins of
error in its implementation and still remain fully functional. This architecture provides at
least partial solutions to two issues: 1) alignment of the submicrometer demultiplexer
features with the nanoscale features of a NW array, and 2) the use of large demultiplexer
feature sizes and feature pitches to address a NW array that is characterized by a
substantially smaller (but tightly defined) NW width and pitch. As described in the
paragraphs below, redundancy can be built into the binary tree decoder architecture to
significantly ease constraints in lithographic patterning and alignment of the decoder with
respect to the NW array. Although there are more subtle constraints in the placement of
the smallest gate structures with respect to individual NWs in the array, the highly
ordered nature of SNAP-fabricated NWs allows the translation of this constraint into an
equivalent constraint on the relative placement of gate structures with respect to each
other within the decoder pattern. Such relative alignment within the decoder pattern can
be readily achieved. Details of a scheme to affect this translation are briefly considered in
Section 3.4. I will now turn to a discussion of the alignment tolerance afforded by the
synergistic combination of SNAP-fabricated NWs and binary tree decoders, using Figure

3-1 as a guide.
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Figure 3-1. The operation of a NOR logic binary tree demultiplexer with varying
fabrication constraints. A-D. The NWs are represented by eight horizontal wires, and
the demultiplexer by three vertical complementary wire pairs. The operation of a
complementary wire pair may be understood by considering an input address of ‘1’ to
wire pair A. The left wire is sent high by this address, and the right wire is sent low. For
an input address of ‘0’, the reverse is true. Regions where the gates interact strongly with
the underlying NWs are shown as bars. When a NW passes under a bar that is connected
to a wire in the high state, that NW is deselected (gated). The input address that selects
each NW is indicated next to the NW. A. A standard binary tree demultiplexer; note that
every MW pair turns off half of the NWs it contacts. B. A binary tree demultiplexer in
which the binary tree pattern is not registered with specific NWs, and extends beyond the
limits of the NW pattern. Note that the addresses are no longer sequential. C. The binary
tree pattern of gate electrodes is shown at twice the pitch and twice the feature size of the
NW array. Note that 2xlogy(N) address wires are still need to address N nanowires. D.
The binary tree pattern of gate electrodes is shown at three times the pitch and three times
the feature size of the NW array. Note that an additional pair of address wires is needed
and so half of all address values are inactive.

50
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3.2.1 Alignment tolerance through architecture

Alignment along the length (x-axis) of SNAP-fabricated NWs is relatively
straightforward since such NWs can be extremely long (typically millimeters). Precise
alignment along the perpendicular (y-axis) direction, however, is more difficult. A partial
solution to this problem is to fabricate the binary tree of the demultiplexer with a
repeating pattern, the period of which is equal to the width of the NW array. In this
fashion, the decoder pattern will extend beyond the boundaries of the array (Figure 3-
1.B). If, for example, the decoder pattern misses its intended position on the NW array by
500 nm, causing the top 500 nm of addresses to miss their mark, the addresses are simply
repeated at the bottom of the array. The decoder pattern can be fabricated to an arbitrary
length, giving any amount of y-axis tolerance desired. The cost of giving up absolute
demultiplexer alignment is knowledge of which NW corresponds to which demultiplexer
address. However, it is still possible to know that every NW has a unique address.

The constraints on rotational alignment are tighter than for translational alignment
since small deviations of the decoder pattern from 90° (with respect to the x-axis) can
result in a NW shifting from its intended decoder address to that of its neighbor.
Fortunately, angular alignment of the decoder pattern relative to the NW array can be
accomplished with high precision. This is primarily because the SNAP technique is
capable of producing very straight arrays of NWs over millimeter length scales, which
can readily be aligned to using lithographic techniques. Nonetheless, if rotational
alignment is imperfect, extra input wire pairs at the smallest gate-pitch and slightly offset

from each other can be used to distinguish NWs without unique addresses.



52

3.2.2 Feature size tolerance through architecture

The second challenge towards bridging the dimensions from the nanometer features of a
NW array to the sub-micrometer features of the demultiplexer revolves around the limits
of the lithography used to define the demultiplexer binary tree features. For the binary
decoder depicted in Figure 3-1.C, the narrowest-pitch gate patterns on the address wires
are at twice the pitch of the output wires, and there is no need for redundant address lines
(i.e., the scaling is exactly 2xlog,N address wires for N NWs). In reality, addressing an
array of narrow-pitch NWs (the SNAP-fabricated NWs described in this work are at ~30-
nm pitch) with large repetitions of gates at twice the NW pitch would be exceedingly
difficult and certainly not practical. However, the gate electrodes may be fabricated at a
pitch that is m times the NW pitch, where m is an integer. This is shown in Figure 3-1.D
for m = 3. This requires an additional input wire pair with the same gate periodicity but
offset by a single NW pitch. Note that using any three out of the four input wire pairs
does not produce a set of unique addresses for the eight NWs shown — all four are
needed. This type of alignment, in which the gates are aligned to one another with high
precision but not aligned with the underlying NW pattern, is practical to achieve.
However, there are penalties associated with adding additional wire pairs (besides the
need to fabricate more input wires). Each additional address pair of demultiplexing wires
reduces the number of good addresses by half. This is illustrated in Figure 3-1.D in which
an additional pair of address lines is needed to uniquely address each NW in the array,
but only half of the input addresses actually identify a wire; e.g., there are 2* = 16
addresses but only eight wires. Thus, the circuit must be tested to discover the good

addresses and once they are found they must be stored in memory. Since the number of
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good addresses is nominally the number of NWs to be addressed, only a relatively small
amount of memory is required. For instance, a NW crossbar memory circuit (such as
described in Chapter 4) fabricated from two NW arrays of N NWs each would yield N x
N bits of storage requiring about Nxlog,N bits to store the good NW addresses. A one-
megabit memory circuit (N = 10°) requires about 1 percent of its bits to store the good
NW addresses, while a 10-gigabit memory (N = 10°) requires about 0.01 percent of its
bits to store the good NW addresses. On the other hand, finding the good addresses in the
first place requires testing the circuit, with the amount of testing increasing significantly

as additional address wire pairs are needed.

3.3 FET-based demultiplexing of SNAP-fabricated NW arrays

In what follows, I will describe the research of my co-workers and me to demonstrate a
field-effect-based demultiplexing scheme that is tolerant of manufacturing defects, has no
serious restrictions in terms of the wire size and pitch of the demultiplexer structure, and
utilizes 2xlogy(N) + R microwires to address N NWs, where R (for redundant address
lines) is zero or a small integer. This scheme does not require control over the axial
doping profile of the underlying NWs, but can take advantage of the readily achieved
vertical doping profiles described in Chapter 2. It is optimized (i.e., R is small) for NW
arrays in which the NW pitch and width are precisely controlled, such as the case for
NWs fabricated using the SNAP method described above. The scheme is based on NOR

logic; that is, the only NW that is not field-addressed is the one selected (Figure 3-1).
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The demultiplexer concept is shown in Figure 3-2, in which 32 (= 2°) NWs are addressed
with five pairs of (drawn) submicrometer wires. Note that the binary tree pattern extends

above and below the NW array to ease the lateral alignment requirements. As long as the

Figure 3-2. The nanowire demultiplexer, drawn over an electron micrograph of 2° (=
32) silicon nanowires. A. All NWs are ohmically contacted to the left electrode. A binary
tree pattern consisting of five complementary pairs of large wires is shown. The green
regions correspond to areas in which a voltage applied to the top (metal) wires can reduce the
conductivity of the NWs through field-effect gating. All multiplexer features are larger than
the NW features. B. A voltage applied to the left electrode raises all NWs to that voltage
level. A single NW is selected by applying the input address ‘1 0 1 0 1°. Application of a
voltage onto a given wire pair sends one wire high and the other low. The resistance of NWs
that pass under a voltage-gated (red) region is increased. Only a single NW (colored red
across the entire structure) remains in the high-conducting state.

multiplexer pattern is oriented perpendicular to the NW array, and the NW pitch and
width dimensions are well defined, the circuit will be functional. As described above, the
cost associated with giving up lateral alignment precision is the knowledge of exactly
which NW is selected by a given input address. For example, the binary address ‘1 0 1 0
1’ utilized in Figure 3-2 corresponds to the decimal address 21, but it is the 28™ wire
from the top that is selected. In practice, one usually doesn’t need to know the physical

location of the actual NW, just the address of that NW, and so this ‘cost’ is not significant

for most applications. Also notice that the smallest-patterned binary tree feature sizes and
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pitches are significantly larger than the smallest corresponding dimensions within the
NW array (although R = 0 for the example of Figure 3-2). This aspect of the architecture
makes it particularly amenable to manufacturing processes. For example, the dimensions
of the multiplexed control wires are well suited to micro-imprint molding, a relatively
high-throughput lithographic technique®'.

Development of the demultiplexer architecture described here proceeded in two
stages: first by selectively addressing lithographically patterned NWs, and second by
selectively addressing small groups of NWs patterned at sublithographic dimensions. For
both cases, the key elements of the structure of the multiplexer are illustrated in Figure 3-
3. The goal of this structure is to achieve voltage gating on one NW (NWg) and to
minimize voltage gating on an adjacent NW (NWj), and this requires careful selection of
both low-k and high-x dielectric materials. For the high-k dielectric, HfO, was chosen
because it has a high dielectric constant (k = 25), it forms an insulating film on Si that is
stable to high temperatures™, interdiffusion between Si and Hf is not observed™ (as it can
be for other high-k dielectrics®), and methods for growing very thin films of HfO, exist.

24, 25
>~ and

Finally, HfO, has been shown to be an effective gate dielectric for nanotube
NW? field-effect transistors. For the low-k dielectric, we chose SiO; (k = 3.9) because of
the ease of fabricating such films.

Figure 3-4 shows data from a demonstration circuit in which ten relatively large

Si wires (doping, n = 5x10'® cm™) are uniquely addressed. For this circuit (in the context

of Figure 3-3), W = 200 nm and P = 1000 nm. The thickness of the SiO, low-k dielectric
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Figure 3-3. A. Side view schematic of the demultiplexer. Two NWs are shown in an end-
on view, and D, W, and P refer to the depth, width, and pitch of the NWs. NWg and NW;
refer to voltage gated and isolated NWs. The HfO, high-k dielectric film is typically 3—6
nm thick, while the SiO, dielectric is 50—-100 nm thick. Note that for small P values, P
determines the distance of the NW; from the gate electrode, and hence the gating
selectivity. The shading of the NWs represents the doping profile. B. Measured doping
profile through the silicon-on-insulator wafers from which the NWs are formed. Two
modes of doping are illustrated: drive-in doping (red circles), which produces a uniform
doping level through the depth of the NWs, and gradient doping (black squares), which
produces a rapidly decreasing dopant density, and is utilized for demultiplexing high-
conductivity NWs.

(¢t = 100 nm) largely determines the selectivity (i.e., the selected NW/deselected NW
current ratio). This is seen by considering the capacitances (per unit area) between a
given NW and the gate. The total capacitance of NWg is given by the series combination
of the wire native oxide (thickness # = 1-2 nm) and the HfO, dielectric (= 5 nm), which

1S

-1 4
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while the total capacitance of NW; has two contributions in parallel. NWj is coupled to
the gate horizontally through the P-W thick (800 nm) SiO, dielectric (ignoring the

relatively small series contributions by the HfO, layer and the NWj native oxide) and
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Figure 3-4. A demultiplexer constructed on a test circuit of 10 Si wires, each 200 nm
wide, patterned at 1-um pitch. The inset shows the gating electrode structure (before
deposition of the gate electrodes) that was patterned on top of the underlying wire array.
Results illustrating the operation of this circuit are shown in the two bar graphs, in which
individual wires were maintained in the high-conductivity state while all other wires were
deselected through appropriate input addressing.

vertically through the SiO, dielectric thickness (again ignoring smaller series

combinations). Thus, the total capacitance of NWj is given by

1 1
C ~K,, | —+ . 2
1 Si0, o( tS[OZ P _WJ ( )

For the NW array of Figure 3-4, C; is dominated by the first term of equation (2) which
gives C;=0.04 &, nm . The selectivity is then given by Cg/ C; = 40.

While the data of Figure 3-4 illustrates the wvalidity of our FET-based
demultiplexer architecture for the selection of individual wires, it does not demonstrate
the capability to bridge length scales. Referring again to Figure 3-3, we next considered a
NW circuit with width W = 13 nm and pitch P = 34 nm. Again, the metal gate electrode
is separated from NWg by about 5 nm of HfO, and 1-2 nm of SiO, (the native oxide on

the NW surface). However, NW; is now separated from the gate by 5 nm of HfO, and
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only about 20 nm (= P — W) of SiO,. Thus, in contrast to the demonstration of Figure 3-4,
it is the dimensions of the NW array (pitch and width) rather than the thickness of the
low-k dielectric that determines the gating selectivity of adjacent and very closely spaced
NWs, i.e., C;is dominated by the second term in equation (2) and is approximately 0.02
g&nm ' . The result is that for a perfectly fabricated circuit, when a gating voltage is
applied, the field felt by NWg is about ten times greater than that felt by NW;. For
realistic fabrication tolerances, the field ratio is likely to be reduced.

Figure 3-5 shows images of the demultiplexer fabrication process for a circuit
designed to address an ultra-high density NW circuit. Using the SNAP method, 150 n-
doped Si NWs were fabricated. As described in Chapter 2, this technique can produce
aligned arrays of high-aspect ratio (> 10°) metal and semiconductor NWs at dimensions
that are not achievable through alternative methods. Silicon NW arrays containing
between 10°-10° NWs, with bulk-like and controllable conductivity characteristics, may
be fabricated at dimensions down to W = 8 nm and P = 16 nm.

The demultiplexer itself was patterned using electron-beam lithography and thin-
film materials deposition. A brief description of the fabrication procedure is given in
Section 3.5. For this demonstration, highly conducting p™ (10" cm™) Si NWs were
utilized to ensure ohmic contacts and good signal. However, highly doped NWs do not
exhibit a strong gating response. Thus, the NWs were thinned (etched) by about 10 nm in
the regions where the gate electrodes were deposited, so that in those regions, the doping
was ~10" cm™ (Figure 3-3.B). This is a unique feature of diffusion-doped, SNAP-
fabricated Si NWs and allows the gating response to be tuned in automatic registry with

the gating regions, while also maintaining highly conductive NWs (Figure 3-5.B).
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Figure 3-5. Scanning electron micrographs of the nanowire demultiplexer assembly
process. A. Sixteen electrical contacts are established, each to two or three NWs from an array
of Si NWs. B. The binary gate demultiplexer pattern after deposition of the low-x SiO,
dielectric and patterning of lithographically-defined windows. Note that once the tops of the
underlying Si NWs were exposed, the CF,-based reactive ion etch process (used to etch the
windows in the SiO, layer) was briefly extended to intentionally remove approximately 10 nm
from the NW surface. This lowers the dopant concentration in the gate region. The high-x
HfO, dielectric is deposited following this etch step. C. Assembled demultiplexer circuit. M
refers to the multiplexer electrode used to apply a voltage to all of the NWs. D is the
demultiplexer structure, shown with metal electrodes deposited on the HfO, gate insulator. T
refers to test electrodes. Individual NWs are measured by applying a voltage to M and
grounding the test connections through an ammeter.
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There is a chicken-and-egg challenge associated with testing this demultiplexer on
narrow-pitch NW arrays; that is, how does one test whether the demultiplexer can address
individual NWs when the individual NWs themselves are too closely spaced to separately
wire up for the test? Our approach was twofold: First, we established 2* (= 16) electrical
contacts, each bridging two or three NWs, at a 150-nm pitch for testing (Figure 3-5.A).
Second, a binary gating tree of four pairs of microwires was fabricated to allow for the
separate addressing of these 16 individual groups (Figure 3-5.B). The most closely
spaced wire pairs were patterned at a 600-nm pitch, and these pairs were repeated twice,
with the second wire pair phase-shifted by the pitch of the electrical contacts (= 150 nm).
The gate width (= 300 nm) was twice the inter-gate spacing. The result was that relatively
large binary-tree features could select out the two or three NWs addressed by a given test
electrode.

Figure 3-6 shows results from the NW demultiplexer, in which, for two different
address combinations, two different sets of NWs were selected, at a signal-to-background
level of about four for the worst-case comparison. It is important to note that due to slight
variations in the process conditions, different sections of the NW array show both small
differences in conductivity as well as different coupling strengths to the gate electrodes.
As a result, the data shown is normalized by the values obtained by setting the entire gate
array high (+10 V, suppressing conductivity for these p-type NWs), yielding a map of
nanoFET response for this specific device. Additionally, we have fabricated a second
device based on n-type NWs and found similar values for both the contrast and the

selectivity.
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Figure 3-6. Characteristic operation of the nanowire demultiplexer for two different
input addresses. The central picture illustrates the address that was used to select out wire 3
in the bottom left bar graph. Gate voltages of +10 V and —10 V were applied to the red and
green wires, respectively. The normalized current is the ratio of wire current measured under
an addressing gate configuration to the current of the wire when +10 V is applied to all gates

This result validates our demultiplexing architecture, and provides a viable
pathway toward bridging length scales between micro- and nano-electronic circuits. As
mentioned above, the full demonstration of single-wire selectivity is currently hindered
by the lack of an appropriate validation technique, but there is no reason to believe that
this architecture can not be extended to even smaller dimensions, given a modest scaling
of the controlling gate array. Additionally, we believe molecular-level control of the Si
NW-dielectric interface could significantly increase the NW selectivity presented here.

Returning again to Figure 3-3, the 1-2 nm native oxide on the Si NW surface
significantly limits the selectivity by greatly reducing the effective dielectric constant of

the gate insulator. Although the Si NW native oxide can be removed by hydrofluoric acid
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etching, the surface will quickly re-oxidize in an ambient environment. However, through
chemical modification of the Si surface, the native oxide can be replaced by a monolayer
of covalently bonded methyl groups (i.e., a CHs-terminated surface). As will be discussed
in more detail in Chapter 5, this passivation prevents oxidation of the Si surface and is
resistant to typical nanofabrication processing techniques. Replacing 7,4, in equation (1)

with the methyl monolayer thickness (about 0.2 nm) and replacing &y, by the methyl

monolayer dielectric constant (believed to be about 212" **)), the capacitive coupling of
NWg to the gate, and hence the NW selectivity, doubles. The selectivity can be further
improved by decreasing the HfO, dielectric thickness using atomic layer deposition
methods (down to about 2 nm). Lastly, further generations of this structure can be
improved through the incorporation of ultralow-k (< 2.0) materials, such as nanoporous
silica films (x = 1.3-2.5), porous polymers, and polytetrafluoroethylene (PTFE) (x =
1.9). A challenge will be to incorporate these changes while maintaining a low-leakage
current through the gate electrodes (currently 6 pA into a signal channel, or 300 pA cm™
%). For nanowires much smaller than those used here, statistical fluctuations in dopant

density may ultimately prove limiting to this and other field-effect approaches.

3.4 Demultiplexer patterning requirements

A source of alignment error that cannot be compensated for with increasing redundancy
of the input wires is schematically illustrated in Figure 3-7. Note that in Figure 3-7.A it is
clear that NWg represents a deselected (gated) NW, and NW; represents a selected

(isolated) NW. For Figure 3-7.B, it is not clear whether the NW labeled with a question
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A HfO, B HiO,

Figure 3-7. An illustration of the importance of alignment precision between the
demultiplexer gate structure and the underlying nanowire array. A. A perfectly fabricated
demultiplexer gate structure, with a deselected (NWg) and an adjacent selected (NW;) NW. B.
An imperfectly fabricated demultiplexer. NWg is clearly deselected, but the status of the other
NW is unclear.

mark (?) is deselected or selected. The implication is that it is necessary to control the
placement of the gate electrodes to at least one-half of the pitch of the NWs. This is true,
but, as described below, that accuracy is only required for the relative placement of the
gates with respect to each other, rather than with respect to the underlying NW array.

Absolute alignment of the demultiplexer pattern with an underlying NW array to
an accuracy of the half-pitch of the NWs is difficult, but highly precise relative alignment
of the demultiplexer features (gates) with each other is relatively straightforward. To
solve the problem of ambiguously addressed NWs depicted in Figure 3-7, extra input
wire pairs at the highest gate frequency (smallest gate size) can be added to the
demultiplexer with the gate pattern of the extra lines slightly offset from one another
(ideally by the NW half-pitch). Note that the extra wires are probably only required for
wire pairs with the smallest gate size. This is because wires with larger gating regions
will have a smaller fraction of ambiguously gated NWs.

Unlike the case of using extra wiring to address NWs with relatively large gates

(discussed in Section 3.2), these redundant address lines do not lead to redundant
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addresses. Instead, extra wire pairs are separately tested and then one of them is selected
according to which address wire pair yields the best performance. The idea is to take
advantage of the precise relative alignment that can be achieved with EBL without
requiring absolute alignment to the NW array. Note that this scheme requires the NW
array to have a well-defined NW width and pitch; such is the case with SNAP-fabricated
NWs.

Finally, fluctuations in the decoder features due to resolution limitations of EBL
techniques may result in NWs having non-unique addresses similar to the problem of
poor rotational alignment. This problem can be alleviated by using the same strategy for
overcoming rotational alignment errors, that is, by adding redundant input wire pairs;
however, for NWs at very narrow pitch such lithographic limitations may preclude single

NW addressability.

3.5 Demultiplexer fabrication

The following section briefly describes the major steps in fabricating the demultiplexer
described herein. More detail can be found in the thesis of Dr. Robert R. Beckman®’. The
NWs were fabricated using the SNAP technique and (100)-oriented silicon-on-insulator
(SOI) wafers (30 nm of Si on 150 nm of SiO,) doped using diffusion-based doping
methods (as described in Chapter 2). The fall in dopant density with depth into the Si
epilayer, which is characteristic of diffusion-based doping, was critical for increasing the

response of NWs to field-effect addressing.
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The SNAP-fabricated NWs were then sectioned (via lithographic patterning and
an SFe dry etch) to at least 10 um in length, and ohmic contacts were patterned using
standard electron-beam lithography (EBL), thin-film metal evaporation, and lift-off. The
contacts were annealed in N, (5 min, 450° C), and Si NW conductivity was verified
before proceeding to the dielectric material deposition steps.

A thick (> 50 nm) SiO, layer was used as the low-k (low-gate-capacitance)
dielectric material, and was deposited by either spin-on glass (SOG; Honeywell, see
Chapter 4, Section 4.6 for details) or plasma-enhanced chemical vapor deposition
(PECVD). The SOG is likely to have a slightly lower k value than a PECVD oxide, due
to the lower quality of the film, which is useful for increasing the high- and low-gate
contrast. EBL was used to patterning windows in either poly-methyl methacrylate
(PMMA) or ZEP-520A (Zeon Corp. Tokyo, Japan), and reactive-ion etching (20:30:2.5
CF,4 to He to Hy, 40 W, 5 mTorr) was used to etch the SiO, over the binary-tree-gated
regions. The etch time was extended beyond the interferometrically-determined end-point
to slightly thin (by about 10 nm) the Si NWs. As described above, this decreases the
dopant density in the regions where a strong gating response is desired.

Following the critical SiO; etch, a thin film (<5 nm) of HfO, is deposited (via
electron-beam evaporation of Hf metal in an O, atmosphere of 6.7x10” Torr) over the
entire decoder pattern as the high-k dielectric. Lastly, Ti/Al/Pt (10 nm/100 nm/ 20 nm)
top-gate electrodes are deposited using EBL, thin-film metal evaporation, and lift-off.
Note that the evaporated HfO,/Ti/Al/Pt stack fills the etched recesses in SiO, where the
gate electrodes couple strongly to the underlying Si NWs to be gated (Figure 3-5.B and

Figure 3-5.C).



3.6

66

References

10.

11.

12.

13.

14.

15.

16.

17.

Heath, J. R. & Ratner, M. A. Molecular electronics. Physics Today 56, 43—49
(2003).

Loss, D. & DiVincenzo, D. P. Quantum computation with quantum dots. Physical
Review A 57, 120 (1998).

Cui, Y. & Lieber, C. M. Functional nanoscale electronic devices assembled using
silicon nanowire building blocks. Science 291, 851-853 (2001).

Chung, S. W., Markovich, G. & Heath, J. R. Fabrication and Alignment of Wires
in Two Dimensions. J. Phys. Chem. B 102, 6685-6687 (1998).

Cui, Y., Lauhon, L. J., Gudiksen, M. S., Wang, J. F. & Lieber, C. M. Diameter-
controlled synthesis of single-crystal silicon nanowires. Applied Physics Letters
78, 2214-2216 (2001).

Yang, P. D. & Kim, F. Langmuir-Blodgett assembly of one-dimensional
nanostructures. ChemPhysChem 3, 503 (2002).

Whang, D., Jin, S., Wu, Y. & Lieber, C. M. Large-scale hierarchical organization
of nanowire arrays for integrated nanosystems. Nano Letters 3, 1255-1259
(2003).

Diehl, M., Beckman, R., Yaliraki, S., and Heath, J. R. . Self-Assembly of
Deterministic Carbon Nanotube Wiring Networks. Angew. Chem. Int. Ed. 41, 353
(2002).

Sear, R. P., Chung, S.-W., Markovich, G., Gelbart, W. M. & Heath, J. R.
Spontaneous patterning of quantum dots at the air-water interface. Physical
Review E 59, R6255 (1999).

Beckman, R. A. et al. Fabrication of conducting Si nanowire arrays. Journal of
Applied Physics 96, 5921-5923 (2004).

Melosh, N. A. et al. Ultrahigh-density nanowire lattices and circuits. Science 300,
112-115 (2003).

DeHon, A., Lincoln, P. & Savage, J. E. Stochastic assembly of sublithographic
nanoscale interfaces. leee Transactions on Nanotechnology 2, 165-174 (2003).
Heath, J. R., Kuekes, P. J., Snider, G. S. & Williams, R. S. A defect-tolerant
computer architecture: Opportunities for nanotechnology. Science 280, 1716—
1721 (1998).

Feynman, R. P. Lectures in Computation (eds. Hey, A. J. G. & Allen, R. W.)
(Addison-Wesley, Menlo Park, 1996).

Kuekes, P. J. & Williams, R. S. (2001).

Gudiksen, M. S., Lauhon, L. J., Wang, J., Smith, D. C. & Lieber, C. M. Growth of
nanowire superlattice structures for nanoscale photonics and electronics. Nature
415, 617-620 (2002).

Wu, Y., Fan, R. & Yang, P. Block-by-Block Growth of Single-Crystalline
Si/SiGe Superlattice Nanowires. Nano Lett. 2, 83—86 (2002).



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

67

Bjork, M. T. et al. One-dimensional Steeplechase for Electrons Realized. Nano
Lett. 2, 87-89 (2002).

Yang, C., Zhong, Z. & Lieber, C. M. Encoding Electronic Properties by Synthesis
of Axial Modulation-Doped Silicon Nanowires. Science 310, 1304—1307 (2005).
Zhong, Z. H., Wang, D. L., Cui, Y., Bockrath, M. W. & Lieber, C. M. Nanowire
crossbar arrays as address decoders for integrated nanosystems. Science 302,
1377-1379 (2003).

Chen, Y. et al. Nanoscale molecular-switch devices fabricated by imprint
lithography. Applied Physics Letters 82, 1610-1612 (2003).

Wallace, R. M. & Wilk, G. D. High-kappa dielectric materials for
microelectronics. Critical Reviews in Solid State and Materials Sciences 28, 231—
285 (2003).

Quevedo-Lopez, M. et al. Hafnium interdiffusion studies from hafnium silicate
into silicon. Applied Physics Letters 79, 41924194 (2001).

Javey, A. et al. High-kappa dielectrics for advanced carbon-nanotube transistors
and logic gates. Nature Materials 1, 241-246 (2002).

Javey, A. et al. Carbon nanotube field-effect transistors with integrated ohmic
contacts and high-k gate dielectrics. Nano Letters 4, 447—450 (2004).

Wang, D. W. et al. Germanium nanowire field-effect transistors with SiO2 and
high-kappa HfO2 gate dielectrics. Applied Physics Letters 83, 2432-2434 (2003).
Faber, E. J. et al. Si-C Linked Organic Monolayers on Crystalline Silicon
Surfaces as Alternative Gate Insulators. ChemPhysChem 6, 2153-2166 (2005).
Iwamoto, M., Mizutani, Y. & Sugimura, A. Calculation of the dielectric constant
of monolayer films on a material surface. Physical Review B 54, 8186 (1996).
Maex, K. et al. Low dielectric constant materials for microelectronics. Journal of
Applied Physics 93, 8793—-8841 (2003).

Beckman, R. in Chemistry (Ph.D. thesis dissertation, University of California Los
Angeles, Los Angeles, 2005).



	3.1 Introduction
	3.2 Demultiplexer architectures and alignment tolerance
	3.2.1 Alignment tolerance through architecture
	3.2.2 Feature size tolerance through architecture

	3.3  FET-based demultiplexing of SNAP-fabricated NW arrays
	3.4 Demultiplexer patterning requirements
	3.5 Demultiplexer fabrication
	3.6 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


