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Transistors Formed from a Single Lithography Step Using
Information Encoded in Topography

Michael D. Dickey, Kasey J. Russell, Darren J. Lipomi, Venkatesh Narayanamurti,
and George M. Whitesides*

This paper describes a strategy for the fabrication of functional electronic
components (transistors, capacitors, resistors, conductors, and logic gates but
not, at present, inductors) that combines a single layer of lithography with angle-
dependent physical vapor deposition; this approach is named topographically
encoded microlithography (abbreviated as TEMIL). This strategy extends the
simple concept of ‘shadow evaporation’ to reduce the number and complexity
of the steps required to produce isolated devices and arrays of devices, and
eliminates the need for registration (the sequential stacking of patterns with correct
alignment) entirely. The defining advantage of this strategy is that it extracts
information from the 3D topography of features in photoresist, and combines this
information with the 3D information from the angle-dependent deposition (the
angle and orientation used for deposition from a collimated source of material),
to create ‘shadowed’ and ‘illuminated’ regions on the underlying substrate. It
also takes advantage of the ability of replica molding techniques to produce 3D
topography in polymeric resists. A single layer of patterned resist can thus direct
the fabrication of a nearly unlimited number of possible shapes, composed of
layers of any materials that can be deposited by vapor deposition. The sequential
deposition of various shapes (by changing orientation and material source)
makes it possible to fabricate complex structures—including interconnected
transistors—using a single layer of topography. The complexity of structures that
can be fabricated using simple lithographic features distinguishes this procedure
from other techniques based on shadow evaporation.
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Transistors Formed from a Single Lithography Step Using Information Encoded in Topography

1. Introduction

This paper describes the fabrication of single transistors
(and arrays of transistors) by a process that combines a single
level of topography (defined by photolithography or molding,
for example) on a substrate with multiple shadow evapora-
tions. We call this technique topographically encoded micro-
lithography (TEMIL). It encodes all the information needed
to fabricate a complex structure—such as a transistor—in
the topography of patterned polymer. It has the conceptual
attraction that it replaces several steps of lithography—each
of which require registration—with a single step of patterning
and several steps of oriented deposition. Most lithographic
techniques (e.g., photolithography, e-beam lithography, and
imprint lithography), are generally treated as two-dimen-
sional (2D); that is, even though the lithographically defined
features of photoresist have height, it is the shape of the
opening in the photoresist in the 2D plane that defines the
shape of the pattern on the underlying substrate. Using both
the opening and the height of the features (topography)
increases significantly the effective complexity of a pattern
derived from a single layer of topography. Although the dem-
onstrations in this work involve only a single level of topog-
raphy, the same principles apply to more complex surfaces.

The progress of microelectronic technology described
by Moore’s Law has largely been driven by the economics
of reductions in the cost per transistor. Advances in photo-
lithography have coupled “cost” and “feature size”: that is,
“smaller” has, for several decades, also been “less expensive”.
There are, of course, other ways of reducing cost (especially
by reducing reliance on photolithography; hence the active
current interest in methods of fabrication based on molding
and imprinting'#!). Molding, in particular, has the ability to
reproduce three-dimensional (3D) features with nanoscale
accuracy,”®l and imprint lithography can pattern features
over large areas rapidly and economically.*’-1 The question
then becomes, “How does one convert a surface with infor-
mation encoded in topography into electrical (or optical, or
magnetic) function?” Most approaches to this question have
transferred patterns directly to the exposed regions of the
substrate (i.e., those that are not covered by polymer); the
function of the lithographic features is therefore two-dimen-
sional. This paper demonstrates the value of the information
coded in the third dimension of a thin, structured polymer
film to generate electronic function. The structured film rep-
resents an abstraction of the final device—rather than a lit-
eral image of the desired structure—because the information
is coded in the 3D topography rather than the 2D footprint.

As a demonstration of this method, we used multiple,
angle-dependent depositions (“shadow evaporations”) over
a single layer of lithographically defined features to fabri-
cate single and interconnected transistors (metal-oxide
semiconductor field-effect transistors, MOSFETS, intercon-
nected to form an AND gate), and conductive pathways. The
architectures of these devices are defined by the topography
of the photoresist, and by the orientation of the substrate
with respect to the evaporation source; each component of
the transistor (source, drain, gate dielectric, gate) is defined
by a unique orientation. The composition of the transistor is
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defined by the choice of evaporated materials. This method
produces transistors without any doping, etching, or litho-
graphic alignment steps. In principle, a fully developed
process would reduce the time, materials, and complexity of
equipment to form a transistor compared to conventional
methods (e.g., multi-step lithography).

It is well known that physical obstructions, such as topog-
raphy or structures suspended over a surface, cast shadows
when placed in the path of a collimated deposition source.
Shadow deposition through stencil masks has been used to
fabricate nanostructures and devices (e.g, nanowires, rings,
sensors), but the masks must be registered with the substrate
prior to each deposition, the apertures of the stencil reduce
in size during deposition, and the method is effectively
as two-dimensional as photolithography.['%-18] Structures
("bridges'") suspended across lithographically defined open-
ings have been used to create simple structures by shadow
evaporation.['”] This approach alleviates the need for regis-
tration, but fabricating these suspended structures is chal-
lenging. This approach is used to fabricate small (~0.010 um?)
metal-insulator-metal tunnel junctions by depositing a
metal wire that overlaps an oxidized metal wire.[224 The
use of this technique to fabricate more complex structures
has been limited by its complexity and the inadvertent
shadows cast by the suspended structures. Shadow evapora-
tion over the edges of photoresist has been used to deposit
simple nanowires (20-30 nm wide) that are smaller in size
than the openings in the resist.['%2271 A technique called
glancing angle deposition (GLAD) has been used to fabri-
cate micro-columnar structures on planar substrates by uti-
lizing the ‘shadows’ cast by the initial atoms that deposit on
the substrate during physical vapor deposition.[?8-31 These
structures may be useful for optical applications.l*?) Shadow
evaporation over topography (e.g., metal wires, arrays of
self-assembled spheres, the pores of alumina membranes)
has also been used previously to form small electrodes,33-4"]
arrays of nanotubes,[*!l magnetic wires,*?l gradient struc-
tures,[¥’] x-ray masks,*l imprint molds,[*>4%] components for
MEMS,[*" single electron devices,*¥ molecular junctions,[*’!
structures that show Coulomb blockades,”! and simple
nanostructuresi®'=31, TEMIL can fabricate complex (multi-
layer, functional, interconnected) microsystems without the
issue of registration involved in the use of stencil masks, and
without the complexities associated with suspended bridge
structures. The method described here suggests a different
approach to the use of topography to encode information
useful in the fabrication of functional, interconnected micro-
and nanosystems.

2. TEMIL

As a demonstration of TEMIL, we fabricated individual
MOSFETs (in arrays containing ~1600 devices), and a pair
of transistors connected to form an AND gate with resis-
tive and conductive pathways, all using a single layer of
photolithography. Figure 1 illustrates how multiple shapes
can be fabricated on a substrate from a single simple litho-
graphic feature (e.g., one involving only a single layer of
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Figure 1. Conceptualization of TEMIL. Multiple shapes can be formed with one lithographic
feature. (a) A rectangular-prism shaped relief structure is defined on a substrate. The angle
@ defines the orientation of the vectorial path of depositing gold atoms with respect to the
substrate (or the X-Y plane). The angle 0 defines the angular orientation of the substrate
within the X-Y plane. In this particular example, the deposition path is parallel to the X-Z
plane. The photoresist casts a shadow of length Z/tan(®) onto the base of the opening; thus,
material deposits over a length X;- Z/tan(®). The deposited material has a width of Y, and is
effectively independent of dimension Y;. (b) Increasing the angle @, while keeping the other
parameters constant, decreases the length of the cast shadow and the resulting structures
vary accordingly (the features are depicted before and after removal of the polymer). (c)
Varying the orientation of the rotational orientation of the substrate, 6, while keeping the
other parameters constant, determines the direction that the shadow is cast.

topography) by using TEMIL. Figure 1a depicts an opening
patterned into a film (e.g., a “resist”, which could either be
a photoresist or a molded polymer) of thickness Z. A col-
limated beam of evaporating metal (gold, as depicted) is
aligned parallel to dimension X and oriented at an angle @
relative to the surface of the resist. Although the opening in
the film is a polygon with eight sides, the material deposited
on the substrate is a square. A square forms because shadow
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evaporation is a “line-of-sight” tech-
niqueP¥ in which a collimated beam
deposits material on a substrate in a pat-
tern determined by (i) the topography
on the substrate and (ii) the orienta-
tion of the substrate with respect to the
source of material. Shadow evaporation
creates simultaneously “shadowed” and
“illuminated” regions on the portions of
the substrate not covered by polymer. In
Figure la, Au deposits on only a frac-
tion of the exposed substrate; we refer
to this portion as “illuminated” and the
remaining portion as “shadowed”. In
general, the length of a shadow cast by
a beam over topography is Z/tan(®), in
which Z is the height of the resist and @ is
the angle between the beam and the plane
of the resist. In Figure la, the shadow is
longer than X, but shorter than X;. As a
result, the substrate is only illuminated in
region Y, (and the pattern formed is com-
pletely independent of dimension Y;). The
deposited material therefore has in-plane
dimensions Y, and X;- Z/tan(®).

Figure 1b illustrates how the shape of
the material deposited on the substrate
changes with the angle @ of the beam
relative to the resist. As @ increases
) (with all other variables remaining con-
* stant), the length of the shadowed region
decreases and the illuminated region
increases. Each change in @ produces a
shape with unique dimensions. In some
cases, the change in the shape arising
from these changes can be dramatic. For
example, in Figure 1b, the shape changes
from a rectangle to a square to a polygon.
When @ reaches 90°, the beam is perpen-
dicular to the substrate and the shape of
the illuminated region on the substrate
replicates the shape of the opening; this
condition is used during conventional
patterning.

Figure 1c illustrates how the shape
of the illuminated region is affected by
varying the angular orientation (6) of the
substrate (i.e., by rotating the substrate
within the X-Y plane) while keeping
the beam orientation (@) constant. The
angular orientation 6 dictates the region
of the substrate that is shadowed for a given beam angle @,
and changing 6 can also change entirely the pattern of depos-
ited material (from a triangle to a rectangle in Figure 1c).
Complex structures, such as a MOSFET, can be fabricated by
combining multiple, sequential depositions of various mate-
rials, each at a unique orientation. Using this method, each
functional layer of the device can be deposited independently,
using a single level of topography.
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3. Experimental Design

We fabricated MOSFETs using only one layer of lithog-
raphy, and multiple shadow evaporation steps, to demonstrate
the utility of TEMIL for fabrication. MOSFETs—ubiquitous
in modern integrated circuits—are complex, multicomponent
structures. MOSFETs typically contain regions directly under
the source and drain pads that are doped to levels that give
conductivities greater than that in the channel (often the
inherent doping of the substrate). We did not incorporate any
doping steps beyond the inherent doping of the wafer. This
approach has been used by others to fabricate back-gated
transistors.’>) We used a “depletion mode” MOSFET design
(see supplemental Figure S1) in which charge carriers are
depleted from the channel by a bias applied to the gate.l>]
This approach requires the use of silicon-on-insulator (SOT)
wafers that have a thin (<0.2 um thick) silicon layer, which
confines the depth of the channel through which the charge
carriers conduct.

In this demonstration, we fabricated features on the
50-100 um length scale because these dimensions are (i) easy
to fabricate using commonly available lithographic tools (con-
tact lithography) and (ii) simple to characterize electrically
because the source, drain, and gate pads can be addressed
directly using a wire bonder (wire bonds are ~50 um
in diameter). We designed the layout of the photoresist fea-
tures such that each transistor could be addressed electri-
cally with a wire bonder without concern of overlapping with
neighboring devices (~200 um separated the transistors).
The design was therefore intended to facilitate addressing
rather than maximizing feature density. We typically fabri-
cated arrays of ~1600 transistors on each substrate (1 x 17).
The supporting information contains an image of an array of
transistors formed using TEMIL. To show that more than one
transistor formed by shadow evaporation could be linked
together using features in the same single layer of patterned
resist, we fabricated AND devices by connecting the source
and drain pads of adjacent transistors with an electrically
conductive pathway.

4. Experimental

The supplemental information contains experimental
details; a brief summary follows. Onto a 1 x 1” piece of SOI
wafer (~0.2 um Si on ~1 um oxide), we spin-coated a thin film
(~1 um) of poly(methylglutarimide) (LOR 10 B, Microchem).
On top of this film, we patterned features in a 50-um-thick
film of SU-8 2025 (Microchem) using contact photolithog-
raphy. A typical pattern was a 40 x 40 array of transistors. The
target height of the features (i.e., the thickness of the SU-8
film) ultimately depended on the desired angle of evapo-
ration and the dimensions of the patterned features. The
poly(methylglutarimide) was necessary for the lift-off process,
because SU-8 is an insoluble, highly crosslinked polymer that
has excellent adhesion to silicon wafers. Bilayer lithography
schemes are used routinely for other patterning techniques
such photolithography,®”) imprint lithography,® and self-
assembled block copolymer lithography[*8l, so this approach
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is not limited to SU-8, and should be applicable to patterning
layers made of other polymers, ceramics (e.g., thick SiO, or
other metal oxides), or even metals.

Figure 2 outlines the sequence of steps involved in the
fabrication of a MOSFET using one layer of lithography.
The orientation of the substrate is critical during fabrica-
tion. We define the coordinate axes (X, Y, Z) in Figure 2
such that the Y-axis is always perpendicular to the vector
path of the beam of depositing material and the Z-axis is
always perpendicular to the substrate surface. Changes
in the orientation of the beam vector, @, therefore occur
in the X-Z plane. Prior to each deposition, the substrate is
rotated to a specific orientation 6 within the X-Y plane.
We arbitrarily define 8 = 0° as the orientation of the sub-
strate depicted in the first processing step in Figure 2.
We typically deposited the gate dielectric from two opposing
angles (6 = 90° and 270°) to prevent electrical shorting
between the gate metal and the substrate.

Following the final deposition, immersion of the substrate
in acetone lifted-off the resist. A subsequent immersion in
an etching solution of tetramethyl ammonium hydroxide
(TMAH), dissolved Si, and ammonium peroxydisulfate
((NH,),S,0¢) removed selectively the Si surrounding the
features of the transistor,>®] thereby eliminating any con-
ductive pathways around the periphery of the device. This for-
mulation etches Si preferentially over silicon oxide, aluminum
oxide, and aluminum, allowing the device itself to be used as
an etch mask and the oxide layer of the SOI wafer to be used
as an etch stop. An optical micrograph of a completed device
is shown in Figure 3. We made individual electrical contacts
from the source, drain, and gate of each MOSFET using an
aluminum wire bonder and characterized the device electri-
cally using a semiconductor parameter analyzer.

5. Results and Discussion

MOSFET: Figure 4 shows the traces of current vs. applied
voltage (I-V) between the drain and source for various gate
voltages, and shows its output characteristics. We achieved
an on:off ratio (defined as the ratio of current at V=0V
and Vg =—-40V at Vg =1 V) of 4.5 x 10°. We measured the
leakage current through the gate to the drain at V5 = 40
(Vps = 0) to be four orders of magnitude lower than that
through the channel for Vg =1V (Vg = 0 V); this result
suggests that the gate dielectric electrically insulated the
gate from the substrate. Both the transconductance and gate
leakage could presumably be improved by optimizing the
properties of the gate dielectric. The substrates typically con-
tained ~1600 transistors. Based on visual inspection, approxi-
mately 20% of these transistors had obvious flaws (e.g.,
particles) that presumably arose from extensive processing
outside of a cleanroom.

AND Gate: TEMIL can also be used to fabricate inter-
connected MOSFETS using a single layer of lithography. We
fabricated two connected devices using the same process that
was used for the fabrication of the MOSFETSs. As a proof
of principle, we fabricated an AND gate that incorporates
the same basic MOSFET design shown in Figure 2 but with
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Figure 2. Schematic of the formation of a transistor by shadow evaporation on a silicon-
on-insulator substrate. (i) We first defined features by photolithography. (i) We evaporated
aluminum to form the source pad. We oriented the substrate such that the evaporating
material would follow the path denoted by the dotted arrows (6= 0°). The topographical resist
features cast shadows such that the metal only reaches the substrate in a defined region.
(iii) To define the drain, we rotated the sample 180° in the plane of the substrate and evaporated
aluminum. (iv) We then rotated the sample 90° and evaporated oxide to electrically insulate
the source and drain pads from the gate. (v) We rotated the sample 180° and evaporated
oxide to provide more electrical insulation, and, (vi) Without changing the orientation, we
evaporated aluminum to define the gate electrode directly on top of the oxide dielectric.
We lifted-off the resist features using solvent, leaving behind a MOSFET architecture. The
surrounding silicon could be selectively etched to improve the performance of the device by
confining electron transport to regions under the deposited features.

an electrically conductive connector between the drain pad
of one device and the source pad of the adjacent device. In
principle, this approach could be adapted to connect a large
number of transistors; developing design rules for such sys-
tems will require integrating materials and topography with
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circuit design. Figure 5a is a circuit dia-
gram for the AND gate fabricated here.

Figure 5b outlines the procedure used
to fabricate the electrical connector (a
continuous wire) between adjacent tran-
sistors. The connector consists of three
sections that are fabricated over the
course of four depositions. One section
is deposited with metal concurrently with
the source and drain depositions (6 = 0°
and 180°) and the other sections consist
of two symmetrical, shorter pathways
that are deposited with metal at an inci-
dent angle of @ = 16° and orientations
of 6 =45° and 135°. These depositions of
metal link the conductive sections to the
source and drain pads of adjacent tran-
sistors without inadvertently depositing
metal onto regions of the substrate that
could alter the operation of the individual
transistors. All of the sections of the con-
nector are shadowed during deposition of
the gate dielectric (i.e., when the substrate
is oriented at 6 = 90° and 270°) to ensure
they are electrically continuous. (The Sup-
porting Information includes a descrip-
tion of the fabrication of a resistor—three
hundred times more resistive than the
channel at zero gate bias—by changing
the geometry of the connector such that it
intentionally incorporates insulating mate-
rials.) The conductivity of the metallic
connector is 2.4 x 107 Q7! m™! (the value
of bulk aluminum is 3.7 x 107 Q™' m™).
The additional resistance is expected
since the substrate is exposed to atmos-
phere between depositions. Our experi-
mental configuration required us to open
the evaporation chamber to orient the
substrate between depositions; the expo-
sure to oxygen likely resulted in imperfect
junctions between the individual sections
of the connector.

Figure Sc is an optical micrograph of a
completed AND gate. The measured cur-
rent from the input and output (Figure 5a)
as a function of voltage applied to each gate
is listed in Table I. This result demonstrates
AND gate functionality, although practical
use would require improved performance
for the (1,0) state.

6. Advantages and Limitations of TEMIL

Conventional transistor fabrication requires the reg-
istration of multiple lithographic steps. Hewlett-Packard
is developing a process called self-aligned imprint lithog-
raphy (SAIL) in which arrays of transistors may be formed
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Source Drain

Dielectric
(5i0, or ALO,)

Figure 3. (left) Optical micrograph of a field effect transistor formed by
combining one layer of lithography and shadow evaporation. This image
depicts one of an array of 1600 similar devices. (right) A schematic
illustration to clarify the features depicted in the micrograph.

without the need for registration by using a single layer of
patterning.®'l SATL uses imprint lithography to create a pat-
tern with multiple levels of topography on top of a planar,
multi-layer film stack. The imprinted polymer and the under-
lying stack of films are alternatively etched, leaving behind
the components of a transistor. The SAIL process requires
fine control over the etching steps. TEMIL also requires only
one lithographic step and no registration, but it does require
a collimated beam for metal deposition, and alignment of
the substrate relative to the beam (6, @). In all of our experi-
ments, we set the angular orientation of the substrate (6) and
the beam orientation relative to the substrate (@) crudely, by
eye, with the aid of a protractor. We designed the depositions
to have a tolerance of A @ ~ 2°. This tolerance is effectively
constant regardless of feature scaling, whereas conventional
registration becomes increasingly difficult with reduced fea-
ture size. Simply scaling all of the dimensions of the struc-
tured polymer film (X, Y, and Z) by the same factor results
in the proportionate scaling of the deposited features without
the need to adjust the deposition orientation (@, 6). To some
limit, a topographical design for shadow evaporation should

V (V)
40

20

1 (HA)

0.0
0.0

A
1.0
Figure 4. Electrical characterization of a MOSFET formed by shadow

evaporation. Current, /s (LA) between the drain and source as a
function of drain-source bias (Vps) for various gate voltages.

2.0

small 2010, 6, No. 18, 2050-2057

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small
(a)

Input Gate 1 Gate 2
Ohmic —— D
Connector
(b) Deposition gh
Deposition Angle
90

Photoresist

Ohmic Connector’

b

Figure 5. One layer of lithography and shadow evaporation produced
an AND logic device by connecting two transistors in series. (a) A circuit
diagram of the device. (b) Schematic illustration depicting the way by
which a drain pad from one transistor connects to the source of an
adjacent transistor. The section of the ohmic connector that is parallel to
the source and drain is deposited during the evaporation of the source
and drains. The remaining two sections of the connectors are formed
by two separate evaporations (6 = 45°, as depicted by line labeled
“deposition path” and 6= 135°). (c) A top-down optical micrograph of
two transistors with an ohmic connection.

therefore work as well for small as for large features, pro-
vided that the features are proportional.

There is, of course, a lower limit to the size of features that
are practical to fabricate using shadow evaporation. In prin-
ciple, the resolution of shadow evaporation at small (<100 nm)
length scales is limited by several factors, all of which broaden
and blur the edge of the illuminated region: (i) imperfect col-
limation of the evaporation beam; (ii) uncertainty in @ and
6, (iii) surface migration of the depositing species on the
substrate;[®?! (iv) irregularities in the topography of the pat-
terned film and the edge of the pattern; and (v) change in the
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Table I. Truth Table for an AND Device (for Vpg=2 V).

Truth Table Conditions
Input 1 Input 2 Output Vi (V) Veo(V)  Ips (UA)
1 1 1 0 0 2.2
1 0 0 0 -10 0.9
0 1 0 -10 0 0.2
0 0 0 -10 -10 0.2

topography of the shadowing edge as deposition proceeds.
These factors are discussed in the supporting information.
Despite these limitations, we believe TEMIL can be scaled
down to form smaller structures based on previous studies
using shadow evaporation. For example, shadows cast over
topography have been used to make two electrode junctions
with sub-10-nm gaps.**3%371 Shadow evaporation has also
been used (in conjunction with etching) to make trenches as
narrow as 10 nm for the fabrication of asymmetric tunneling
transistors by shadow depositing chromium over lithographic
features 40 nm tall.*>! Wang et al. studied the effects of vari-
ation in the height of the lithographic features and variability
of the deposition angle on the desired shadow length.[*’] Their
experimental results show that the deviation of the shadow
from that expected was less than 3 nm for shadows ranging
from 10-25 nm in length. These results suggest that the prac-
tical limits of shadow evaporation restrict simple features (e.g.,
gaps, wires) to lengths greater than 10 nm.

We discuss other advantages, limitations, and considera-
tions of TEMIL in the Supporting Information.

7. Conclusions

Topographically encoded microlithography (TEMIL)
is an integrated strategy for fabricating microscale devices
combining a single lithographic step with multiple shadow
evaporations. The current level of demonstration of this
methodology is limited to simple components: a MOSFET,
an AND gate (two connected MOSFETS), a capacitor (i.e.,
the gate of the transistor), and a conducting wire with several
angles and connections. We have, however, fabricated ~1600
of these components in parallel. The process is scalable, appli-
cable to a wide variety of devices and materials, and compat-
ible with any patterning technique that produces topography
(photolithography, soft lithography,[® step-and-flash imprint
lithography,['l imprint lithography,’] nanoskiving,[*! aniso-
tropic etching,**] and block copolymer lithography!©®l).

Conventional multi-layer photolithography requires
registration (the sequential stacking of patterns with cor-
rect alignment) and has poor tolerance for lateral drift
(i.e., the deviation from the designed spacing between
features on a single level of lithography). Lateral drift is
particularly problematic for aligning patterns on dimen-
sionally unstable substrates (e.g., polymeric substrates
for flexible electronics), which can result in 100 um
of misalignment over a distance of 1 cm.[*'l Soft molding tech-
niques (e.g., soft lithography), which are attractive because of
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their low cost and high resolution,[>9! are particularly subject
to lateral drift because of the softness of the stamp; Step-and-
Flash Lithography (SFIL) developed by Willson combines
many of the desirable features of both photolithography and
soft lithography. By encoding the information required for
fabrication in the topography of a single layer of polymer,
TEMIL has the potential to eliminate multiple steps of
lithography and pattern registration; it may also be tolerant
of the lateral drift that limits soft lithographic techniques.

TEMIL has the ability to accommodate a wide variety of
materials. The “illuminated” region created by shadow evap-
oration can be used directly as a feature (as demonstrated
here), or can be used to form a mask to protect the under-
lying substrate while the “shadowed” region is removed by
etching. In our hands, the throughput has been limited by the
requirements of manual changes of evaporation sources and
manual setting of angles, but the efficiency and versatility of
the process could be improved easily by using multiple beams
simultaneously or sequentially from different values of @ and
0 using an automated deposition chamber. More importantly,
hierarchical resist structures (i.e., structures with two or more
heights), would cast shadows of differing lengths depending
on the height of each structure; using 3D shadow masks
would provide another variable that can be used to alter the
geometry of the deposited structure.

Acknowledgements

This work was supported by NSF award PHY-064609 and CHE-
0518055. We used shared facilities supported by the MRSEC (DMR-
0213805). This work was performed, in part, using the facilities of
the Center for Nanoscale Systems (CNS), a member of the National
Nanotechnology Infrastructure Network (NNIN), which is sup-
ported by the National Science Foundation under NSF award ECS-
0335765. CNS is part of the Faculty of Arts and Sciences at Harvard
University. D.J.L. acknowledges a graduate fellowship from the
American Chemical Society, Division of Organic Chemistry, spon-
sored by Novartis. We thank Prof Marko Loncar (Harvard University)
for the SOl wafers.

[1] M. Colburn, S. Johnson, M. Stewart, S. Damle, T. C. Bailey,
B. Choi, M. Wedlake, T. Michaelson, S. V. Sreenivasan, J. Ekerdt,
C. G. Willson, Proc. SPIE-The International Society for Optical
Engineering 1999, 3676, 379.

[2] C. G.Willson, J. Photopolym. Sci. Technol. 2009, 22, 147.

[3] S.Y.Chou, P.R. Krauss, P. ). Renstrom, Science 1996, 272, 85.

[4] S.Y.Chou, MRS Bull. 2001, 26, 512.

[5] Q. Xu, B. T. Mayers, M. Lahav, D. V. Vezenov, G. M. Whitesides,
J. Am. Chem. Soc. 2005, 127, 854.

[6] F.Hua,Y.Sun, A. Gaur, M. A. Meitl, L. Bilhaut, L. Rotkina, J. Wang,
P. Geil, M. Shim, ). A. Rogers, A. Shim, Nano Lett. 2004, 4, 2467 .

[7] L.). Guo, J. Phys. D: Appl. Phys. 2004, 37, R123.

[8] E.A. Costner, M. W. Lin, W. L. Jen, C. G. Willson, Annu. Rev. Mater.
Res. 2009, 39, 155.

[9] H. Schift, J. Vac. Sci. Technol. B 2008, 26, 458.

[10] Z. Racz, ). He, S. Srinivasan, W. Zhao, A. Seabaugh, K. Han,

P. Ruchhoeft, J. Wolfe, /. Vac. Sci. Technol. B 2004, 22, 74.

small 2010, 6, No. 18, 2050-2057



Transistors Formed from a Single Lithography Step Using Information Encoded in Topography

[11]
[12]
[13]
[14]
[15]
[16]
[17]

(18]

small 2010, 6, No. 18, 2050-2057

S. Egger, A. llie, Y. Fu, J. Chongsathien, D.-J. Kang, M. E. Welland,
Nano Lett. 2005, 5, 15.

A. R. Champagne, A. ). Couture, F. Kuemmeth, D. C. Ralph, Appl.
Phys. Lett. 2003, 82, 1111.

R. Luthi, R. R. Schlittler, ). Brugger, P. Vettiger, M. E. Welland,
J. K. Gimzewski, Appl. Phys. Lett. 1999, 75, 1314.

M. M. Deshmukh, D. C. Ralph, M. Thomas, J. Silcox, Appl. Phys.
Lett. 1999, 75, 1631.

Y. Noguchi, T. Sekitani, T. Someya, Appl. Phys. Lett. 2007, 91,
133502/1-3.

Y. X. Zhou, A. T. Johnson Jr., J. Hone, W. F. Smith, Nano Lett. 2003,
3,1371.

0. Vazquez-Mena, G. Villanueva, V. Savu, K. Sidler, M. A. F. Van
Den Boogaart, J. Brugger, Nano Lett. 2008, 8, 3675.

J. Kohler, M. Albrecht, C. R. Musil, E. Bucher, Physica E 1999, 4,
196.

G. ). Dolan, Appl. Phys. Lett. 1977, 31, 337.

E. C. Jelks, G. L. Kerber, Appl. Phys. Lett. 1981, 38, 933.

J. Bylander, T. Duty, P. Delsing, Nature 2005, 434, 361.

Y. A. Pashkin, Y. Nakamura, J. S. Tsai, Appl. Phys. Lett. 1999, 74,
132.

T. Weimann, H. Wolf, H. Scherer, J. Niemeyer, V. A. Krupenin, Appl.
Phys. Lett. 1997, 71, 713.

Y. Harada, D. B. Haviland, P. Delsing, C. D. Chen, T. Claeson, Appl.
Phys. Lett. 1994, 65, 636.

U. K. W. M. J. N. R. Weber, Phys. Status Solidi a 1993, 136, K41.
D. E. Prober, M. D. Feuer, N. Giordano, Appl. Phys. Lett. 1980, 37,
94.

E. C. Jelks, G. L. Kerber, H. A. Wilcox, Appl. Phys. Lett. 1979, 34,
28.

M. M. Hawkeye, M. ). Brett, J. Vac. Sci. Technol. A 2007, 25, 1317.
K. Robbie, M. ). Brett, J. Vac. Sci. Technol. A-Vac. Surf. Films 1997,
15, 1460.

K. Robbie, J. C. Sit, M. J. Brett, J. Vac. Sci. Technol. B 1998, 16,
1115.

Y. P. Zhao, D. X. Ye, G. C. Wang, T. M. Lu, Nano Lett. 2002, 2,
351.

0. Toader, S. John, Science 2001, 292, 1133.

G. Philipp, T. Weimann, P. Hinze, M. Burghard, ). Weis, Microelec-
tron. Eng. 1999, 46, 157.

A. Javey, P. Qi, Q. Wang, H. Dai, Proc. Natl. Acad. Sci. U. S. A. 2004,
101, 13408.

L. B. Holdeman, R. C. Barber, J. L. Abita, J. Vac. Sci. Technol. B
1985, 3, 956.

J. Lefebvre, M. Radosavljevic, A. T. Johnson, Appl. Phys. Lett. 2000,
76, 3828.

E. P. De Poortere, H. L. Stormer, L. M. Huang, S. J. Wind, S. O’Brien,
M. Huang, ). Hone, Appl. Phys. Lett. 2006, 88, 143124/1-3.

T. Xu, R. M. Metzger, Nano Lett. 2002, 2, 1061.

J. Chung, K.-H. Lee, . Lee, Nano Lett. 2003, 3, 1029.

H. Park, A. K. L. Lim, A. P. Alivisatos, J. Park, P. L. McEuen, Appl.
Phys. Lett. 1999, 75, 301.

[41]
[42]
[43]
[44]
[45]
[46]
[47]
(48]
[49]
[50]
[51]
[52]

(53]

[54]
[55]

[56]

[57]
[58]

[59]
[60]

[61]

[62]
[63]
[64]
[65]

[66]

small

M. D. Dickey, E. A. Weiss, E. J. Smythe, R. C. Chiechi, F. Capasso,
G. M. Whitesides, ACS Nano 2008, 2, 800.

Y. D. Park, J. A. Caballero, A. Cabbibo, J. R. Childress,
H. D. Hudspeth, T. J. Schultz, ). R. Sharifi, J. Appl. Phys. 1997, 81,
4717.

J.-C. Chiang, J.-G. Hwu, Appl. Phys. Lett. 2007, 90, 102902/1-3.
D. C. Flanders, J. Vac. Sci. Technol. 1979, 16, 1615.

C.Wang, S. Y. Chou, J. Vac. Sci. Technol. B 2009, 27, 2790.

Z.Yu, S.Y. Chou, Nano Lett. 2004, 4, 341.

J. Brugger, C. Andreoli, M. Despont, U. Drechsler, H. Rothuizen,
P. Vettiger, Sens. Actuators A 1999, 76, 329.

T. Weimann, H. Scherer, V. A. Krupenin, F. Muller, J. Niemeyer,
Microelectron. Eng. 2001, 57-58, 915.

E. T. T. Jones, O. M. Chyan, M. S. Wrighton, J. Am. Chem. Soc.
1987, 109, 5526.

S. E. Kubatkin, A. V. Danilov, A. L. Bogdanov, H. Olin, T. Claeson,
Appl. Phys. Lett. 1998, 73, 3604.

Q. Xu, J. Bao, R. M. Rioux, R. Perez-Castillejos, F. Capasso,
G. M. Whitesides, Nano Lett. 2007, 7, 2800.

A. Kosiorek, W. Kandulski, P. Chudzinski, K. Kempa, M. Giersig,
Nano Lett. 2004, 4, 1359.

R. Sordan, M. Burghard, K. Kern, Appl. Phys. Lett. 2001, 79,
2073.

S. K. Yao, J. Appl. Phys. 1979, 50, 3390.

H. Ahn, K. ). Lee, W. R. Childs, J. A. Rogers, R. G. Nuzzo, A. Shim, /.
Appl. Phys. 2006, 100, 084907/1-7.

S. M. Sze, K. K. Ng, Physics of Semiconductor Devices. 3rd ed.;
Wiley-Interscience, Hoboken, NJ, 2007; p. 31.

H. Ito, Adv. Polym. Sci. 2005, 172, 237.

0.-H. Park, J. Y. Cheng, M. W. Hart, T. Topuria, P. M. Rice,
L. E. Krupp, R. D. Miller, H. Ito, H.-C. Kim, Adv. Mat. 2008, 20, 738.
A. Pandy, L. M. Landsberger, B. Nikpour, M. Paranjape, M. Kahrizi,
J. Vac. Sci. Technol. A 1998, 16, 868.

0. Tabata, R. Asahi, H. Funabashi, K. Shimaoka, S. Sugiyama,
Sens. Actuators A 1992, A34, 51.

H. J. Kim, M. Almanza-Workman, B. Garcia, O. Kwon, F. Jeffrey,
S. Braymen, ). Hauschildt, K. Junge, D. Larson, D. Stieler,
A. Chaiken, B. Cobene, R. Elder, W. Jackson, M. Jam, A. Jeans,
H. Luo, P. Mei, C. Perlov, C. Taussig, J. Soc. Inf. Display 2009, 17,
963.

Z.Racz, A. Seabaugh, /. Vac. Sci. Technol. B 2007, 25, 857.

Y. Xia, G. M. Whitesides, Angew. Chem. Int. Ed. 1998, 37, 550.

Q. Xu, R. M. Rioux, M. D. Dickey, G. M. Whitesides, Acc. Chem.
Res. 2008, 41, 1566.

Q. Xu, I. Tonks, M. J. Fuerstman, J. C. Love, G. M. Whitesides, Nano
Lett. 2004, 4, 2509.

S.0. Kim, H.H. Solak, M.P. Stoykovich, N.). Ferrier, J.J. De Pablo,

P.F. Nealey, Nature 2003, 424, 411-4.

Received: April 5, 2010
Revised: July 6, 2010
Published online: August 16, 2010

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com 2057



