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Nanostructure sensing devices for detecting an analyte are 
described. The devices include nanostructures connected to 
conductive elements, all on a substrate. Contact regions 
adjacent to points of contact betWeen the nanostructures and 
the conductive elements are given special treatment. The 
proportion of nanostructure surface area Within contact 
regions can be maximized to effect sensing at very loW 
analyte concentrations. The contact regions can be passi 
vated in an effort to prevent interaction betWeen the envi 
ronment and the contact regions for sensing at higher analyte 
concentrations and for reducing cross-sensing. Both contact 
regions and at least some portion of the nanostructures can 
be covered With a material that is at least partially permeable 
to the analyte of interest and impermeable to some other 
species to tune selectivity and sensitivity of the nanostruc 
ture sensing device. 
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SENSITIVITY CONTROL FOR NANOTUBE 
SENSORS 

DOMESTIC PRIORITY CLAIM 

[0001] This application claims priority to US. Provisional 
Application No. 60/408,412, ?led Sep. 4, 2002. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The invention is directed generally to nanotube 
sensors and in particular to nanotube sensors With selective 
passivation of nanotube-conductor contacts and the nano 
tubes themselves and methods of forming same. 

[0004] 2. Description of the Related Art 

[0005] Chemical and biological sensors that use nanotube 
circuits have been reported in the literature. In general, these 
sensors include a nanotube or nanotubes in contact With 

electrodes, thus forming a circuit for current ?oW. It is 
generally believed that sensing occurs When analytes inter 
act With the exposed nanotube. 

[0006] Dai et al. (PCT Publication No. WO 01/44796 A1) 
described a nanotube sensing device Which had nanotubes 
groWn from catalyst islands and metal electrodes that cov 
ered fully the catalyst islands. The ends of the nanotubes 
Were embedded in the catalyst islands Within the metal 
electrodes. 

[0007] Lieber et al. (PCT Publication No. WO 02/48701 
A2) described a nanoWire sensing device that Was particu 
larly adapted for sensing analytes in ?uids delivered through 
a microchannel to the nanoWire Which Was connected to tWo 
metal electrodes. 

[0008] Nanotube sensors have been reported to respond to 
chemical species such as ammonia (Kong, J ., et al., Science, 
287, 622 (2000)). These sensors exhibited a fast response 
and a substantially sloWer recovery. Other researchers have 
found that nanotube sensors are unpredictable in their 
response to ammonia. For some sensors the resistance Went 
up in response to the analyte, for some it Went doWn, and the 
magnitude of the response Was variable as Well. The sensors 
had both nanotubes and electrode/nanotube contacts that 
Were exposed to the surrounding atmosphere. 

[0009] In semiconductor device technology, it is Well 
knoWn that metal contacts to silicon can be sensitive and 
problematic. Schottky barriers at metal/semiconductor junc 
tions create a large number of surface states that are very 
sensitive to the surrounding environment. For this reason, 
among others, metal/semiconductor contacts have been pas 
sivated by covering the device With a layer of insulating 
material. Thus the contacts do not come into contact With the 
surrounding environment, nor is any other part of the device 
exposed to the surrounding environment. 

[0010] Scientists at IBM have conducted research on 
nanotube transistor devices that Were con?gured to act as 
electronic devices, not as sensing devices. Nanotube device 
characteristics changed depending on their exposure to 
oxygen. As-made devices generally exhibited p-type tran 
sistor characteristics. Derycke, et al. (Appl. Phys. Lett. 80, 
2773 (2002)) reported that their devices changed to n-type 
transistors after heating in vacuum. The change could be 
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reversed only be exposing the devices to oxygen. They 
attributed this behavior to removal of adsorbed oxygen from 
the contacts. Their key ?nding Was that the main effect of 
oxygen adsorption Was to modify the barriers at the metal 
semiconductor contacts. 

[0011] Avouris has reported (Accounts of Chemical 
Research, ASAP Article 10.1021/ar010152e S0001 
4842(01)00152-2 Web Release Date: Jul. 31, 2002.) enclos 
ing p-type carbon nanotube ?eld effect transistors in SiO2 
and annealing them at 700° C. in an inert gas or in vacuum. 
Subsequent electrical measurements shoWed that the devices 
had become ambipolar (With conduction by either holes or 
electrons) transistors. The ambipolar behavior Was observed 
only When the device Was passivated by a ?lm of SiO2 
before the thermal annealing. At the high annealing tem 
perature, O2 can diffuse through the oxide and desorb. Upon 
cooling, hoWever, the SiO2 ?lm protects the device from 
oxygen. Avouris concluded that the observed electrical 
behavior Was dominated by oxygen’s effect on the Schottky 
barriers at the metal-nanotube junctions. 

[0012] Nanostructure sensing devices are most often used 
to detect a species of interest in a surrounding environment. 
Electrical signals from the nanostructure sensing devices can 
be measured before and after exposure to the environment. 
Changes in measured signals can be correlated to detection 
of a species. Total passivation of a nanostructure sensing 
device could result in gross underreporting of detection 
events if the species of interest cannot diffuse through the 
passivation layer and reach the nanostructure sensing 
device. On the other hand, very sensitive Schottky barriers 
may respond to species that are not of interest, such as 
moisture or oxygen. Large electrical responses from Schot 
tky barriers could overWhelm smaller nanostructure 
responses from detection of species of interest. 

[0013] It Would be useful to understand better analyte 
interactions at Schottky barriers and at nanostructures. This 
understanding could be used to design nanostructure sensing 
devices in various con?gurations to exploit the special 
sensing characteristics of both Schottky barriers and nano 
structures in nanostructure sensing devices. 

SUMMARY OF THE INVENTION 

[0014] In accordance With one aspect of the present inven 
tion an electronic system for detecting analytes is provided. 
The system includes a signal control and processing unit in 
communication With at least one nanostructure sensing 
device. The nanostructure sensing device circuit comprises 
an electrical supply, a meter and a nanostructure sensing 
device connected together in the circuit. The nanostructure 
sensing device comprises at least one nanostructure con 
nected to at least tWo conductive elements, all disposed over 
a substrate. There are contact regions adjacent to the con 
nections betWeen the conductive elements and the nano 
structure, and inhibiting material covering at least the con 
tact regions. In one arrangement, the electronic system 
includes functionaliZation of at least one nanostructure sens 
ing device. In another arrangement, the functionaliZation for 
a ?rst nanostructure sensing device is different from the 
functionaliZation for a second nanostructure sensing device. 

[0015] In accordance With another aspect of the invention 
a nanostructure sensing device for detecting an analyte is 
provided. The nanostructure sensing device comprises at 
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least one nanostructure connected to at least tWo conductive 
elements, all disposed over a substrate. There are contact 
regions adjacent to the connections betWeen the conductive 
elements and the nanostructure, and inhibiting material 
covering at least the contact regions. The inhibiting material 
is impermeable to at least one chemical, biochemical, or 
biological species. The nanostructure sensing device can 
further comprise a gate electrode. In one arrangement, there 
can be a trench in the substrate beloW at least the at least one 
nanostructure. 

[0016] In one arrangement, a portion of the nanostructure 
is at least partially free of inhibiting material. The inhibiting 
material may be impermeable to the analyte of interest. The 
inhibiting material may be impermeable also to such species 
as moisture, oxygen, ammonia, and nitrous oxide. 

[0017] In another arrangement, the inhibiting material 
covers both the contact regions and at least a substantial 
portion of the nanostructure. The inhibiting material may be 
semipermeable to the analyte of interest. The thickness of 
the inhibiting material layer can be chosen to tune selectivity 
for the analyte of the nanostructure sensing device, that is, 
to reduce cross-sensitivity. In other arrangements, the thick 
ness of the inhibiting material layer can be chosen to tune 
sensitivity for the analyte of the nanostructure sensing 
device. 

[0018] In one embodiment, a nanotube sensor is provided. 
The nanotube sensor comprises a plurality of carbon nano 
tubes disposed over a silicon substrate and at least tWo metal 
electrodes in physical and electrical contact With a ?rst 
nanotube. An inhibiting material covers at least contact 
regions adjacent to points of the physical contact betWeen 
the metal electrodes and the ?rst nanotube. 

[0019] A method of detecting an analyte is also provided. 
A ?rst electrical signal is measured from a nanostructure 
sensing device before exposing it to a sensing environment. 
A second electrical signal is measured from a nanostructure 
sensing device after exposing it to a sensing environment. 
Changes betWeen the ?rst electrical signal and the second 
electrical signal are correlated to detection of the analyte. In 
one embodiment, the detection can involve detection at ppb 
or ppm concentrations. 

[0020] Further features and advantages of the present 
invention Will become apparent to those of ordinary skill in 
the art in vieW of the detailed description of preferred 
embodiments beloW, When considered together With the 
attached draWings and claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] The foregoing aspects and others Will be readily 
appreciated from the folloWing description of illustrative 
embodiments When read in conjunction With the accompa 
nying draWings. 

[0022] FIG. 1 is a perspective vieW of a nanotube sensing 
device. 

[0023] FIG. 2 is a schematic of a nanotube sensing device 
and other components connected in a circuit. 

[0024] FIG. 3 is a schematic of a system of nanostructure 
sensing devices connected to a central signal processing 
unit. 
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[0025] FIG. 4A is a cross section taken along line 4A-4A 
of the nanotube sensing device shoWn in FIG. 1. 

[0026] FIG. 4B shoWs a detailed vieW of a portion of FIG. 
4A. 

[0027] FIG. 5A is a top vieW of a nanostructure sensing 
device con?gured to increase Schottky barrier contact region 
area. 

[0028] FIG. 5B is a cross section taken along line 5B-5B 
of the nanostructure sensing device shoWn in FIG. 5A. 

[0029] FIG. 5C is a detail of the cross section of FIG. 5B. 

[0030] FIG. 6 is a top vieW of a nanostructure sensing 
device in another con?guration designed to increase Schot 
tky barrier contact region area. 

[0031] FIG. 7A is a cross section of a nanotube sensing 
device that has a ?rst layer of passivation material covering 
at least a portion of the device. 

[0032] FIG. 7B is a cross section of a nanotube sensing 
device that has a ?rst layer of passivation material substan 
tially covering the depicted conducting elements and contact 
regions. 

[0033] FIG. 7C is a cross section of a nanostructure 
sensing device that has a ?rst layer of passivation and a 
second layer of passivation substantially covering the 
depicted conducting elements and contact regions. 

[0034] FIG. 8 is a cross section of a nanostructure sensing 
device With a single layer of passivation material that has 
been patterned and etched to expose a substantial portion of 
the nanostructure. 

[0035] FIG. 9 shoWs the nanostructure sensing device of 
FIG. 6 With a trench beloW a substantial portion of the 
nanostructure. 

[0036] FIG. 10A is a cross section of a nanostructure 
sensing device With a layer of semipermeable inhibiting 
material. 

[0037] FIG. 10B is a cross section of a nanostructure 
sensing device With a thicker layer of semipermeable inhib 
iting material than in FIG. 10A. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0038] Carbon nanotubes are usually holloW, elongated 
structures a feW atoms in Width With a structure like a sheet 
of graphite formed into a generally cylindrical con?guration. 
Carbon nanotubes are long molecules, With length to Width 
ratios as large as several thousand or more. They can be 
formed in furnaces from carbon-containing gases. Carbon 
nanotubes can form With a single Wall, containing just one 
layer of carbon atoms and having a diameter of one to 
several nanometers. They can also form With multiple Walls, 
containing a number of holloW cylinders of carbon atoms 
nested inside one another. They take their name from the 
nanometer, Which is a convenient length for specifying 
molecular dimensions. 

[0039] Other elongated nanostructures have also been 
developed and named by various researchers. These include 
nanoWires, nano?bers, nanorods, and other structures. 
Nanostructures having an approximately linear form can be 
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arranged in bundles of structures, such as ropes, braids or 
twisted bundles. Nanostructures can be made of many 
different elements and compounds. Examples include car 
bon, boron, boron nitride, and carbon boron nitride, silicon, 
germanium, gallium nitride, Zinc oxide, indium phosphide, 
molybdenum disulphide, and silver. The composition of a 
nanostructure can be homogeneous or it can vary throughout 
the structure. Nanostructures can have cracks, dislocations, 
branches or other imperfections. Nanostructures can be 
empty, ?lled, and multifaceted. 

[0040] The nanostructures in the embodiments disclosed 
herein can have approximately linear forms. An approxi 
mately linear form can be achieved by using nanostructures 
that have an approximately linear form naturally, such as 
nanotubes, nano?bers, nanoWires, nanoropes and nanorods. 
Alternatively, nanostructures having other forms, such as 
nanospheres, nanocages, nanococoons and nanotori, can be 
combined With one another or With other nanostructures to 
create an overall approximately linear form. In general, in 
this application, When the term “nanotube” is used it should 
be taken as referring equivalently to such alternative nano 
structures as Well, Which may be adapted similarly for the 
embodiments described herein. 

[0041] The embodiments of the invention are illustrated in 
the context of chemical, biochemical, and biological sensing 
devices that use nanostructures as the sensing elements. The 
nanostructures form electrical circuits With conducting elec 
trodes, and sensing events can be detected by changes in the 
electrical signal through the nanostructure circuit. The mate 
rials and methods disclosed herein Will have application in 
a number of other contexts, Where control over the sensing 
system and reproducibility of electrical response is desir 
able. 

[0042] These and other objects and advantages of the 
present invention Will become more fully apparent from the 
folloWing description taken in conjunction With the accom 
panying draWings. 

[0043] Nanostructure Sensing Devices 

[0044] Nanostructures such as nanotubes tend to exhibit 
quantum rather then classical properties and have the poten 
tial to be integrated into semiconductor or silicon platforms 
to make innovative neW electronic devices. One of the 
properties of single-Walled nanotubes made of carbon or 
other materials is that the electrons ?oW generally along the 
surface and are therefore uniquely sensitive to environmen 
tal perturbations at the surface. A nanotube has a character 
istic electrical resistance that can be measured by applying 
a voltage. A ?rst electrical signal, such as voltage or current, 
is measured before a nanotube sensor interacts With an 
environment. A second electrical signal is measured after a 
nanotube sensor interacts With the environment. It can be 
advantageous to apply a gate voltage to the nanotube before 
measuring the electrical signals. Correlations can be made 
betWeen knoWn electrical signal changes that occur When 
knoWn analytes, i.e., targets of analysis or detection, are 
detected and observed changes betWeen the ?rst signal and 
the second signal from a nanotube sensing device. The 
change in electrical properties can be correlated to the 
analytes that caused the change. 

[0045] Sensitivity and selectivity of the nanotubes can be 
enhanced by functionaliZing the nanotubes. One Way to 
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functionaliZe a nanotube is to coat it With a recognition layer, 
a material sensitive to a speci?c chemical, biochemical, or 
biological species of interest. Species of interest may 
include, for example, elements, compounds, molecules, 
ions, cells, proteins, and bacteria. The recognition layer 
interacts selectively With the species of interest and can 
produce an electrical change on the nanotube, Which can be 
measured. The small siZe of the nanotube can alloW recog 
nition of as little as one molecule, and thus can lead to neW 
sensor applications. Recognition layers for a Wide variety of 
chemical sensing can be added to customiZe sensors for 
particular sensing needs. A detailed discussion of function 
aliZation of nanostructure sensor devices is given by Gabriel 
et al. in US. patent application Ser. No. 10/099,664, ?led 
Mar. 15, 2002, Which is incorporated by reference herein. 

[0046] The intrinsic advantages of this technology include 
small siZe, loW poWer consumption, ultra-sensitivity, and 
loW cost, especially When coupled to conventional semicon 
ductor manufacturing techniques. Nanostructure devices can 
be made very small; even When a large number of nano 
structure devices is arranged in a system array, the siZe is 
still very small. Nanostructure sensing devices can be modi 
?ed to detect a Wide variety of chemical species. Until noW, 
nanostructure sensing devices have been made only in small 
quantities for lab testing. Techniques for producing nano 
structure sensing devices have not been developed for 
large-scale manufacturing. 
[0047] FIG. 1 is a perspective vieW of a nanostructure 
sensing device 100, Which illustrates some basic compo 
nents. A number of nanostructures 110 are arranged over a 
substrate 130. Note that the bracket collectively refers 
reference number 110 to each of the individual nanostruc 
tures shoWn in FIG. 1. Conducting elements 120-1, 120-2, 
120-3, 120-4 are disposed on the substrate 130 and make 
electrical contact With the nanostructures 110. There can be 
any number of conducting elements in contact With the 
nanostructures 110. 

[0048] The substrate 130 can be made of any of a variety 
of materials or layers of materials consistent With the art of 
semiconductor manufacturing. The substrate 130 can be 
made of semiconducting materials, such as silicon, III-V 
compounds, II-VI compounds, or a combination of one or 
more Group IV elements With any of these. Alternatively, the 
substrate 430 can be made of an insulating material, such as 
alumina or quartZ. 

[0049] The nanostructures 110 can be any conducting or 
semiconducting nanostructures knoWn in the art of nano 
technology. In some embodiments, the nanostructures 110 
are nanotubes, nanoWires, nanorods, or some other elon 
gated nanostructures. In particular, the nanostructures 110 
can be carbon nanotubes and may be single-Wall, semicon 
ducting, carbon nanotubes. There can be any number of 
nanostructures, some of Which may intersect one another as 
they traverse the device 100, and some of Which may 
traverse the device 100 Without intersection, as indicated in 
FIG. 1. 

[0050] The conducting elements 120-1, 120-2, 120-3, 
120-4 can be made of any conductive material. In one 

embodiment, the conducting elements 120-1, 120-2, 120-3, 
120-4 can be lines formed from a lithographic patterning 
process as is knoWn in the semiconductor arts. In particular, 
the conducting elements 120-1, 120-2, 120-3, 120-4 can be 
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metal lines formed by such a process. Examples of suitable 
metals include aluminum, titanium, titanium-tungsten, plati 
num, gold and copper. 

[0051] There can be any number n of conducting elements 
120-n in contact With the nanostructures 110. FIG. 1 illus 
trates a nanostructure sensing device 100 that has four 
conducting elements 120-1, 120-2, 120-3, 120-4. Current 
can How in from a conducting element 120-a and out 
through another conducting element 120-b, depending on 
hoW the conducting elements 120-a, 120-b are connected to 
outside electrical supplies, as is knoWn in the art of semi 
conductor device manufacturing. For example, current can 
How in from conducting element 120-1, through nanostruc 
tures 110, and out through conducting element 120-2. In 
other examples, current can How in from conducting ele 
ment 120-3, through nanostructures 110, and out through 
conducting element 120-1 or out through conducting ele 
ments 120-2 and 120-4. A gate voltage can be applied to the 
nanostructure sensing device 100. 

[0052] Some nanostructures 110 can extend beyond an end 
conducting element 120-1, 120-4. Some nanostructures 110 
can end Within an end conducting element 120-1, 120-4. 
Some nanostructures 110 can be much shorter than others 
and can make contact With feWer than all the conducting 
elements 120-1, 120-2, 120-3, 120-4. 

[0053] When an analyte or target species interacts With the 
nanostructures 110, there can be a change in one or more 
electrical characteristics of the nanostructures 110. An elec 
trical signal is measured through the nanostructures 110 
before exposure to the analyte, and an electrical signal is 
measured again after the exposure. A change in electrical 
signal through the nanostructures 110 can be interpreted as 
an analyte detection event. 

[0054] The nanostructures 110 themselves can interact 
easily With some species, such as ammonia. In other cases, 
the nanostructures 110 can be functionaliZed for sensing of 
speci?c target chemical, biochemical, or biological species. 
The functionaliZation can involve coating the nanostructures 
110 With recognition layers to achieve a desired interaction 
With a target species. 

[0055] FIG. 2 is a schematic of a nanostructure sensing 
device circuit 205 that shoWs the basic connections and 
components for measuring electrical signals from a nano 
structure sensing device 200. Components of the circuit 
include an electrical supply 250, a meter 260, and a nano 
structure sensing device 200. The electrical supply 250 can 
be a voltage source, a current source, or a poWer source and 
can supply a dc signal, an ac signal, or both. The meter 260 
can be an ammeter or a voltmeter. The nanostructure sensing 
device 200 includes a nanostructure 210 on a substrate 230 
and is shoWn in cross section. TWo electrodes 220-1, 220-2 
make electrical contact to the nanostructure. A voltage 
supply 240 can apply a voltage to the substrate 230 that can 
act as an undifferentiated gate electrode for the device 200. 
The gate voltage can be dc, ac, or both. 

[0056] Asimple example of hoW the nanostructure sensing 
device circuit 205 can be used to detect an analyte is as 
folloWs. In a benign environment, the electrical supply 250 
applies a ?rst voltage across the nanostructure sensing 
device 200 and the voltage supply 240 applies a ?rst gate 
voltage to the substrate 230. A ?rst current through the 
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nanostructure sensing device 200 is measured With the meter 
260. The nanostructure sensing device 200 is exposed to an 
environment of interest. The electrical supply 250 applies 
the same ?rst voltage across the nanostructure sensing 
device 200 and the gate voltage source 240 applies the same 
?rst gate voltage to the substrate 230. A second current 
through the nanostructure sensing device 200 is measured 
With the meter 260. Differences betWeen the ?rst current and 
the second current can be attributed to electrical changes in 
the nanostructure sensing device 200 caused by interaction 
With an analyte. Electrical changes can be correlated to 
identi?cation of particular analytes by comparing the 
changes With predetermined electrical changes made in 
knoW environments. 

[0057] Other examples of using the nanostructure sensing 
device circuit 205 to detect and identify analytes include 
taking a series of electrical measurements as a function of 
changing gate voltage or as a function of changing electrical 
supply 250 voltage or electrical supply 250 current and 
correlating the results to knoWn measurements from envi 
ronments containing speci?c analytes. 

[0058] FIG. 3 is a schematic of a system of n nanostruc 
ture sensing device circuits 305-1, 305-2, . . . , 305-n 

connected to a central signal control and processing unit 
370. The connections betWeen the device circuits 305-1, 
305-2, . . . , 305-11 and the central signal control and 

processing unit 370 may be through electrically conductinve 
Wires of lines, or, in other arrangements, the connections 
may be Wireless. Each nanostructure sensing device circuit 
305 includes a nanostructure sensing device 300, a gate 
voltage source 340, an electrical supply 350, and a meter 360 
as has been discussed above for FIG. 2. The central signal 
control and processing unit 370 can control the gate voltage 
340-n and the electrical supply 350-n and can receive meter 
360-n measurements for each nanostructure sensing device 
circuit 305-11. The central signal control and processing unit 
370 can include predetermined measurements from nano 
structure sensing devices in controlled environments for use 
in correlating measurements read from nanostructure sens 
ing device circuits 305-n. When it has been determined that 
a sensing event has occurred, the results can be displayed on 
the user interface 380. 

[0059] The n nanostructure sensing device circuits 305-n 
can include different functionaliZations on different devices 
300-n or different groups of devices. For example, the 
nanostructures in nanostructure sensing device circuits 305 
1, 305-2, 305-3 (305-3 is not shoWn) may have functional 
iZation or recognition layers that makes them particularly 
sensitive to carbon dioxide. The nanostructures in nano 
structure sensing device circuits 305-4, 305-5, 305-6 (not 
shoWn) may have functionaliZation or recognition layers that 
makes them particularly sensitive to hydrogen. The nano 
structures in nanostructure sensing device circuits 305-7, 
305-8, 305-9 (not shoWn) may have functionaliZation or 
recognition layers that makes them particularly sensitive to 
nitrous oxide. Measurements from each group of nanostruc 
ture sensing device circuits can be sent to the central signal 
control and processing unit 370 for correlation With knoWn 
data and determination of Whether sensing events have 
occurred. 

[0060] Accordingly, the system of FIG. 3 can be con?g 
ured to sense various analytes. The system itself can be 
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arranged on a semiconductor, silicon, or insulating substrate 
as an array of nanostructure sensing devices connected to the 
central signal control and processing unit 370, Which is also 
formed on the substrate using semiconductor manufacturing 
technology. 
[0061] FIG. 4A is a cross section 400 of the nanostructure 
sensor 100 in FIG. 1 as cut along line 4A-4A. A nanostruc 
ture 410 is in electrical contact With several conducting 
elements 120-1, 120-2, 120-3, 120-4, all of Which are 
positioned over a substrate 130, Which has an top layer 440 
over an underlying layer 450. The nanostructure 410 can be 
any conducting or semiconducting nanostructure knoWn in 
the art of nanotechnology. In some embodiments, the nano 
structure 410 is a nanotube, nanoWire, nanorod, or some 
other elongated nanostructure. In particular, the nanostruc 
ture 410 can be a carbon nanotube and may be a single-Wall, 
semiconducting, carbon nanotube. The nanostructure 410 
can be in contact With the substrate 130, as shoWn. Alter 
natively, the nanostructure 410 can be suspended at least in 
part above the substrate 130, as Will be discussed beloW. 

[0062] The substrate 130 can be made of any of a variety 
of materials or layers of materials consistent With the art of 
semiconductor manufacturing. The substrate 130 can be 
made of semiconducting material(s), such as silicon, III-V 
compounds, II-VI compounds, or a combination of one or 
more Group IV elements With any of these. Alternatively, the 
substrate 130 can be made of insulating material(s), such as 
alumina or quartZ. The substrate 130 can contain a top layer 
440, Which is different from an underlying layer 450. The 
top layer 440 can be either insulating or semiconducting. 

[0063] The conducting elements 120-1, 120-2, 120-3, 
120-4 can be made of any conductive material. In one 
embodiment, the conducting elements 120-1, 120-2, 120-3, 
120-4 can be lines that are formed from a lithographic 
patterning process as is knoWn in the semiconductor arts. In 
particular, the conducting elements 120-1, 120-2, 120-3, 
120-4 can be metal lines formed by such a process. There 
can be any number of conducting elements along the nano 
structure 410, as has been discussed above for FIG. 1. 

[0064] The nanostructure 410 can eXtend beyond end 
conducting elements 120-1, 120-4, or the nanostructure 410 
can end Within either of both end conducting elements 
120-1, 120-4. Electrical contact betWeen the nanostructure 
410 and the conducting elements 120-1, 120-2, 120-3, 120-4 
can be direct, as shoWn. Alternatively, there can be inter 
vening conducting layers or other components (not shoWn) 
betWeen the nanostructure 410 and the conducting elements 
120-1, 120-2, 120-3, 120-4. 
[0065] When an analyte or target species interacts With the 
nanostructure 410, there can be a change in the electrical 
characteristics of the nanostructure 410. An electrical signal 
can be measured through the nanostructure 410 before the 
interaction, and an electrical signal can be measured again 
after the interaction. Achange in electrical signal through the 
nanostructure 410 can be interpreted as an analyte detection 
event. The nanostructure 410 can be functionaliZed for 

sensing of speci?c target chemical, biochemical, or biologi 
cal species. The functionaliZation can involve coating the 
nanostructure 410 With recognition layers to achieve a 
desired interaction betWeen a target species and the nano 
structure 410. 

[0066] Generally, a material has a Fermi level energy as 
one of its intrinsic properties. When dissimilar materials, 
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such as a semiconductor and a metal, are brought into 
contact, a Schottky barrier can be formed. Electric charge 
flows from one material to the other until the Fermi levels of 
the dissimilar materials adjust to the same energy. The net 
result is a charged layer at the barrier. In the absence of 
additional factors, the electrical properties of the Schottky 
barrier remain substantially stable once it has formed. One 
of the factors that can change the electrical character of a 
Schottky barrier is adsorption of chemical species onto the 
barrier region. When a chemical species adsorbs onto a 
material surface, it can modify the electrical charge on the 
surface, Which can change the electrical properties of the 
contact. The change in electrical properties at the contact can 
be large enough to produce a signal change that is much 
larger than a signal change from other portions of the device. 

[0067] For the purposes of this disclosure, the region near 
a Schottky barrier along adjacent surfaces over Which 
adsorbed molecules can affect barrier properties Will be 
referred to as the “contact region”. The contact region does 
not have a sharp cut-off point, but eXtends at least on the 
order of a feW nanometers from the point of contact betWeen 
the dissimilar materials along adjacent surfaces in all direc 
tions. In some embodiments, the contact region eXtends a 
distance of at least 1 pm from the point at Which the 
conducting element and the nanostructure make contact. In 
some arrangements, the contact region eXtends a distance of 
at least 50 nm, and in other arrangements a distance of at 
least 5 nm, from the point at Which the conducting element 
and the nanostructure make physical contact. Other ranges 
are possible. 

[0068] FIG. 4B is an enlarged vieW of the dashed area 475 
in FIG. 4A. A contact region 480 is associated With a 
Schottky barrier formed at the physical contact point of the 
conducting element 420-1 and nanostructure 410. The dot 
ted lines 484-1, 484-2 approXimate the eXtent of the surfaces 
of the conducting element 420-1 and the nanostructure 410 
that comprise the contact region 480. The dotted line 484-1 
indicates the eXtent of the surfaces for Which adsorbed 
molecules Would have a strong effect on the electrical 
properties of the Schottky barrier. The dotted line 484-2 
indicates the eXtent of the surfaces for Which adsorbed 
molecules Would have a Weaker, but still signi?cant, effect 
on the electrical properties of the Schottky barrier. 

[0069] It is useful to understand the sensitivity of the 
contact region in designing electronic nanostructure devices 
that contain Schottky barriers. When eXtreme sensitivity to 
target species is desired, such as at ppm or ppb levels, 
sensing at the contact regions adjacent to Schottky barriers 
can be encouraged. When detection of only higher concen 
trations is desired, e.g., 5% or more, the contact regions 
adjacent to Schottky barriers can be covered With an inhib 
iting or passivation material to prevent species from adsorb 
ing onto the contact regions. In other cases the entire 
nanostructure sensing device can be covered With a semi 
permeable, inhibiting layer to shield the device at least 
partially from some species While alloWing other species to 
pass through. The thickness of a semi-permeable layer can 
be adjusted to alloW only a portion of a desired species to 
reach the nanostructure sensing device and thus to tune the 
sensitivity of detection. 

[0070] Maximizing Contact Region Area 
[0071] The Schottky barrier that forms When a metal and 
a semiconductor are joined can be extremely sensitive to 
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adsorbed gases. As discussed above, a chemical species 
adsorbed onto a material surface can modify the electrical 
charge on the surface. When charge is modi?ed in the 
contact region adj acent to a Schottky barrier, the electrical 
properties of the barrier can be changed. In the embodiments 
described beloW, the sensitivity of the contact region around 
the Schottky barrier is used to advantage in nanostructure 
sensing devices to detect analytes or target species at con 
centrations as loW as parts per million (ppm) or parts per 
billion (ppb). 

[0072] FIGS. 5A, 5B, 5C illustrate a nanostructure sens 
ing device 500 in an arrangement that has a larger ratio of 
contact region surface area to exposed nanostructure surface 
area than for arrangements such as the one illustrated in 
FIG. 1. 

[0073] The nanostructure sensing device 500 in FIG. SA 
has, as its base, a nanostructure sensing device as has been 
described above in FIGS. 1 and 4A. FIG. 5A is a top vieW 
that shoWs one or more nanostructures 510 arranged on a top 
layer 540 of a substrate. Note that the bracket collectively 
refers reference number 510 to each of the individual 
nanostructures shoWn in FIG. 5A. There are tWo conducting 
elements 520-1, 520-2 in contact With the nanostructures 
510. In other arrangements, there can be n additional con 
ducting elements 520-3-520-n. (not shoWn). The conducting 
elements 520-1, 520-2 can be connected to a electrical 
supply (not shoWn) to alloW formation of an electrical circuit 
that includes the nanostructures 510. In this example, there 
are tWelve nodes 525-1-525-12 Which are made of a material 
different from the nanostructure 510 material and are in 
contact With the nanostructures 510. In other arrangements, 
there may be only one or there may be any number n of 
nodes 525-1-525-n. The nodes 525-1-525-12 can be made of 
the same material as the conducting elements 520-1, 520-1, 
or they can be made of different materials. In some arrange 
ments, the nodes 525-1-525-12 are metal. FIG. 5A shoWs 
the conducting elements 520-1, 520-2 and the nodes 525 
1-525-12 With different shapes. The shapes have been used 
only for the purpose of illustration to indicate that the 
conducting elements 520-1, 520-2 and the nodes 525-1-525 
12 can have different electrical functions, i.e., the conduct 
ing elements 520-1, 520-1 can be connected to an electrical 
supply. Both the conducting elements 520-1, 520-2 and the 
nodes 525-1-525-12 can have any con?guration that alloWs 
them to make contact to at least some of the nanostructures 
510. 

[0074] FIG. 5B is a cross-sectional vieW of the nanostruc 
ture sensing device 500 as cut through a nanostructure 510-1 
along the line 5B-5B indicated in FIG. 5A. Schottky barriers 
can form at junctions of dissimilar materials, such as at the 
junctions of conducting elements 520-1, 520-2 and the 
nanostructure 510-1 and at junctions of nodes 525-1-525-12 
and the nanostructure 510-1. As the density of Schottky 
barriers along the nanostructure 510-1 increases, the pro 
portion of nanostructure surface area that is Within contact 
regions also increases. 

[0075] FIG. 5C is an enlarged vieW of the dashed area 502 
in FIG. 5B. Schottky barriers can form both at junctions of 
the conducting element 520-1 and the nanostructure 510-1 
and at junctions of the nodes 525-1, 525-2 and the nano 
structure 510-1. The regions near the Schottky barriers along 
adjacent surfaces and over Which adsorbed molecules can 
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affect barrier properties are indicated by contact regions 
580-1, 580-2, 580-3, 580-4, 580-5. The contact regions do 
not have sharp end points, but extend from the junctions 
along adjacent surfaces in all directions, as has been 
described above in FIG. 4B. 

[0076] In some embodiments, the contact region extends a 
distance of at least 1 pm from the point at Which the 
dissimilar materials make physical contact. In some arrange 
ments, the contact region extends a distance of at least 50 
nm, and in other arrangements a distance of at least 5 nm, 
from the point at Which the dissimilar materials make 
physical contact. Other ranges are possible. The dotted line 
corresponding to each contact region 580-1-580-5 indicates 
approximately the extent of each contact region 580-1-580-5 
along the surface of the conducting element 520-1, along the 
surfaces of the nodes 525-1, 525-2, and along the surface of 
the nanostructure 510-1. 

[0077] With reference to FIGS. 5B and 5C, as the number 
n of nodes 525-1-525-n increases, the number m of contact 
regions 580-1-580-m increases also. As the number m of 
contact regions 580-1-580-m increases, the total surface area 
of the contact regions 580-1-580-m increases and the total 
surface area of the adjacent non-contact region nanostruc 
ture 510-1 decreases. Thus, the component of the electrical 
signal that comes from the contact regions 580-1-580-m 
increases, and the component of the electrical signal that 
comes from the non-contact region area of nanostructure 
510-1 decreases. Electrical signals measured from the nano 
structure 510-1 include contributions from both the contact 
regions 580-1-580-m and the adjacent non-contact region 
surfaces of the nanostructure 510-1. As the density of nodes 
525-1-525-n increases, the electrical signal can become 
dominated by contributions from the contact regions 580 
1-580-m. Electrical signal changes can be due mainly to 
sensing events that occur in the contact regions. 

[0078] Another arrangement for increasing contact region 
relative to non-contact region nanostructure surface area is 
illustrated in the arrangement of nanostructure sensing 
device 600 shoWn in top vieW in FIG. 6. 

[0079] Aplurality of nanostructures 610 are arranged over 
a substrate 630. Note that the bracket collectively refers 
reference number 610 to each of the individual nanostruc 
tures shoWn in FIG. 6. Several closely-spaced, conducting 
lines 620-1-620-7 make contact to the nanostructures 610. In 
some arrangements, the conducting lines 620-1-620-7 are 
metal. There can be any number n of conducting lines 
620-1-620-n. Conducting lines 620-1-620-n can be con 
nected to electrical supplies (not shoWn) in various Ways, as 
is knoWn in the semiconductor device arts. Schottky barriers 
can form at junctions betWeen the metal lines 620-1-620-7 
and semiconducting nanostructures 610. As has been dis 
cussed above, contact regions extend from the junctions of 
dissimilar materials, such as the conducting lines 620-1 
620-7 and the semiconducting nanostructures 610. 

[0080] In some embodiments, the contact regions extend a 
distance of at least 1 pm from the point at Which the 
dissimilar materials, i.e., the conducting elements 620-1 
620-7 and the nanostructures 610 make physical contact. In 
some arrangements, the contact region extends a distance of 
at least 50 nm, and in other arrangements a distance of at 
least 5 nm, from the point at Which the dissimilar materials, 
i.e., the conducting elements 620-1-620-7 and the nanostruc 
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tures 610 make physical contact. Other ranges are possible. 
The dotted line corresponding to each contact region 580 
1-580-5 indicates approximately the eXtent of each contact 
region 580-1-580-5 along the surface of the conducting 
element 520-1, along the surfaces of the nodes 525-1, 525-2, 
and along the surface of the nanostructure 510-1. 

[0081] As the density of conducting elements 620-1-620-7 
increases, the density of Schottky barriers increases, and the 
proportion of surface area Within the contact regions relative 
to non-contact region surface area along the nanostructures 
610 also increases. Electrical signals measured from sensing 
device 600 include contributions from both the contact 
region portions of the nanostructures 610 and the portions of 
the nanostructures 610 adjacent to the contact regions. As 
the contact region portions increase and the adjacent nano 
structure portions decrease, the electrical signal can become 
dominated by contributions from the contact regions. Elec 
trical signal changes can be due mainly to sensing events 
that occur in the very sensitive contact regions. 

[0082] Nanostructure sensing devices such as those shoWn 
in FIGS. 5 and 6, or in any other con?guration Where a large 
proportion of the nanostructure surface area is Within contact 
regions can be especially useful for detection of analytes at 
very loW concentrations, such as at ppm or ppb levels. 

[0083] Passivated Contacts 

[0084] FIG. 7A shoWs, in cross section, a nanostructure 
sensing device 700 that has a nanostructure 710 in electrical 
contact With tWo conducting elements 720-1, 720-2, all over 
a substrate 730. The nanostructure 710 can be any conduct 
ing or semiconducting nanostructure knoWn in the art of 
nanotechnology, as discussed above in reference to FIG. 1. 
The conducting elements 720-1, 720-2 can be made of any 
conductive material, as has been discussed above in refer 
ence to FIG. 1. There can be just tWo conducting elements 
720-1, 720-2, as shoWn, or there can be any number n of 
conducting elements 720-1-720-n along the length of the 
nanostructure 710. The substrate 730 can be made of any of 
a variety of materials consistent With the art of semiconduc 
tor manufacturing, as has been discussed above in reference 
to FIG. 1. The substrate 730 can contain an insulating or 
semiconducting layer as a top layer 740, Which is different 
from an underlying layer 750. Electrical contact betWeen the 
nanostructure 710 and the conducting elements 720-1, 720-2 
can be direct as shoWn. Alternatively, there can be interven 
ing conducting layers or other components (not shoWn) 
betWeen the nanostructure 710 and the conducting elements 
720-1, 720-2. 

[0085] There is a ?rst layer of passivation or inhibiting 
material 742 over the nanostructure 710 and conducting 
elements 720-1, 720-2. The ?rst passivation or inhibiting 
layer 742 can be any material that is electrically insulating. 
In some arrangements, the passivation layer 742 is substan 
tially impermeable to Water. In some arrangements, the 
passivation layer 742 is substantially impermeable to at least 
some chemical and biological species. The passivation layer 
742 can be deposited using a thermal, resistive, electron 
beam evaporation technique, or loW temperature chemical 
vapor deposition, or by other methods. In some embodi 
ments, the passivation layer 742 may be, for eXample, 
silicon oXide deposited by electron-beam evaporation. In 
general, evaporation techniques are sloW and are highly 
directional and produce layers that do not have good con 

Aug. 4, 2005 

formality, as indicated in the eXample passivation layer 742 
in FIG. 7A, Wherein vertical portions are thinner than 
horiZontal portions. On the other hand, evaporation tech 
niques are relatively benign and tend not to harm nanostruc 
tures such as carbon nanotubes. The thickness of the ?rst 
passivation layer 740 may be betWeen about 5 nm and 100 
nm. In some arrangements, the thickness of the ?rst passi 
vation layer 740 can be betWeen about 10 nm and 30 nm. 

[0086] The ?rst inhibiting layer 742 shoWn on device 700 
in FIG. 7A can be at least partially permeable to a species 
of interest. Embodiments that employ a semipermeable layer 
Will be discussed in detail With respect to FIGS. 10A and 
10B. Alternatively, the ?rst inhibiting layer 742 can be a ?rst 
processing step for producing structures 702 and 704, shoWn 
in FIGS. 7B and 7C, respectively. 

[0087] FIG. 7B shoWs a nanostructure sensing device 702 
much like the nanostructure sensing device 700 of FIG. 7A 
With some portions of the ?rst passivation layer 742 
removed to eXpose sections of the nanostructure 710. Por 
tions of the ?rst passivation layer 742 can be removed by a 
pattern and etch process. The ?rst layer 742 portions can be 
removed by any etch process that does not harm the nano 
structure 710. Buffered oXide etch (BOE), Which is Well 
knoWn in the semiconductor arts, can be used as a Wet etch 
agent for silicon oXides. Remaining portions 745-1, 745-2 of 
the ?rst passivation layer cover at least a substantial portion 
of contact regions 780-1, 780-2, 780-3, 780-4. The passi 
vation portions 745-1, 745-2 can eXtend along the surfaces 
of the conducting elements 720-1, 720-2 and along the 
surfaces of the nanostructure 710 a distance of at least 1 pm 
from the points at Which the conducting elements 720-1, 
720-2 and nanostructure 710 make physical contact. In other 
arrangements, the passivation portions 745-1, 745-2 can 
eXtend along the surfaces of the conducting elements 720-1, 
720-2 and along the surfaces of the nanostructure 710 a 
distance of at least 50 nm, or a distance of at least 5 nm, from 
the points at Which the conducting elements 720-1, 720-2 
and nanostructure 710 make physical contact. 

[0088] The nanostructure sensing device 702 shoWn in 
FIG. 7B has a relatively thin layer of passivation 745-1, 
745-2 mainly on the contact regions 780-1-780-4. A large 
portion of the nanostructure 710 is substantially free of 
passivation material. The contacts are passivated With only 
a minimum of processing, thus saving time and money in 
processing. This embodiment can be useful, for eXample, for 
sensing in environments that are not particularly reactive 
With nanostructure sensing devices. Chemical, biochemical, 
or biological species that are very aggressive may be able to 
breech the thin layer of passivation material provide in 
nanostructure sensing device 702. 

[0089] The nanostructure sensing device 704 in FIG. 7C 
shoWs another passivation scheme for a nanostructure sens 
ing device. The passivated nanostructure sensing device 704 
has, as its base, a nanostructure sensing device 100 as has 
been described above in FIG. 1. Contact region 720-1 is 
covered by portions 747-1, 790-1 of passivation material. 
Similarly, contact region 720-2 is covered by portions 747-2, 
790-2 of passivation material. 

[0090] A ?rst passivation or inhibiting layer 747 is depos 
ited over the nanostructure sensing device. The ?rst passi 
vation layer 747 can be any material that is electrically 
insulating. In some arrangements, the passivation layer 747 










