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(57) ABSTRACT 

Carbon nanotube Schottky barrier photovoltaic cells and 
methods and apparatus for making the cells are provided. The 
photovoltaic cells include at least one contact made from a 
first contact material, at least one contact made from a second 
contact material and a plurality of photoconducting carbon 
nanotubes bridging the contacts. A Schottky barrier is formed 
at the interface between the first contact material and the 
carbon nanotubes while at the interface between the second 
contact material and the carbon nanotubes, a Schottky barrier 
for the opposite carrier is formed, or a small, or no Schottky 
barrier is formed. It is the Schottky barrier asymmetry that 
allows the photo-excited electron-hole pairs to escape from 
the carbon nanotube device. 
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CARBON NANOTUBE SCHOTTKY BARRIER 
PHOTOVOLTAIC CELL 

STATEMENT OF GOVERNMENT RIGHTS 

2 
work function close to that of the carbon nanotubes, such that 
no Schottky barrier is formed at the junction. 

In another embodiment, Schottky barriers for electrons are 
formed at the junctions between the first electrically conduc-

This invention was made with United States government 
support awarded by the following agency: NSF 0079983. the 
United States government has certain rights in this invention. 

5 tive material and the carbon nanotubes. However, in this 
second embodiment the junctions formed between the second 
electrically conducting material and the nanotubes are char
acterized in that they form Schottky barriers for electrons that 
are smaller than those formed at the junctions between the 

BACKGROUND OF THE INVENTION 10 first electrically conducting material and the carbon nano
tubes. 

Photovoltaic cells convert sunlight directly into electricity 
by the interaction of photons and electrons within a photo
conducting material. To create a photovoltaic cell a photocon
ducting material, commonly silicon, is joined by electrical 15 

contacts to form a junction. Presently, most silicon-based 
photovoltaic cells are silicon p-n junction devices. Photons 
striking the cell cause the mismatched electrons to be dis
lodged creating a current as they move across the junction. A 
grid of these electrical contacts creates an array of cells from 20 

which the current is gathered. The DC current produced in the 
cell depends on the materials involved and the energy and 
intensity of the radiation incident on the cell. 

In yet another embodiment, Schottky barriers for electrons 
are formed at the junctions between the first electrically con
ductive material and the carbon nanotubes and Schottky bar
riers for holes are formed at the junctions between the second 
electrically conducting material and the nanotubes. In this 
embodiment, the second electrically conductive material is 
selected such that it has a higher work function that the carbon 
nanotubes. 

A second aspect of the invention provides a microphoto-
detector including a first contact made from a first electrically 
conducting material, a second contact made from a second 
electrically conducting material and at least one carbon nano
tube bridging the first and second contacts. A current detector 

25 is connected to the first and second contacts to detect any 
photocurrent generated by radiation incident on the at least 
one carbon nanotube. As in the photovoltaic cell, the first 
electrically conductive material, typically a metal, has a lower 

Photovoltaic cells have been available for a number of 
years and it has been predicted that the use of photovoltaics 
will continue to increase for years to come. The major 
obstacles to photovoltaic use throughout the world are cell 
efficiency and cell cost. Presently, the cost per watt for most 
photovoltaic cells is not low enough for these cells to be 
competitive with other energy sources. Currently, single crys- 30 

ta! silicon is the photovoltaic material of choice. Amorphous 
silicon is also used because it is less expensive; unfortunately 
it is also less efficient than single crystal silicon. Gallium 
arsenide cells are among the most efficient cells presently 
available, but they are quite expensive. Thus, a need exists for 35 

a photovoltaic cell that is both cost and energy efficient. 

SUMMARY OF THE INVENTION 

work function than the carbon nanotubes and the second 
electrically conductive material may have a work function 
lower than that of the nanotubes but higher than that of the 
first electrically conductive material, close to that of the car
bon nanotubes, or higher than that of the carbon nanotubes. 
As a result, the junctions formed between the first electrically 
conducting material and the nanotubes are characterized in 
that they form Schottky barriers for electrons. The junctions 
formed between the second electrically conducting material 
and the nanotubes are characterized in that they form a Schot
tky barrier for electrons that is lower than the Schottky bar-

The present invention encompasses carbon nanotube 
Schottky barrier photovoltaic cells and methods and appara
tus for making the cells. In these photovoltaic cells, carbon 
nanotubes serve as a photovoltaic material bridging one or 
more first contacts with which the carbon nanotubes form a 
Schottky barrier ( either for electrons or for holes) and one or 
more second contacts with which the carbon nanotubes either 
form smaller Schottky barriers for the same carrier, do not 
form a Schottky barrier at all, or form a Schottky barrier for 
the opposite carrier. These photovoltaic cells are efficient and 
relatively inexpensive to manufacture. Because the band gaps 
of different carbon nanotubes span a large energy range, 
depending on the tube diameter and chirality, a cell contain
ing a mixture of nanotubes having a variety of diameters 
and/or chiralities can absorb efficiently across a broad spec
trum. 

40 riers at the junctions between the first electrically conductive 
material, do not form Schottky barriers for electrons or holes, 
or form Schottky barriers for holes. 

The first and second electrically conductive materials may 
be any materials having appropriate work functions. Suitable 

45 conductive materials include, but are not limited to metals, 
conducting polymers and conducting oxides. Titanium is a 
non-limiting example of a first electrically conductive mate
rial and gold is a non-limiting example of a second electri
cally conductive material that may be employed in the devices 

50 provided herein. 
A third aspect of the invention provides methods for pro

ducing photovoltaic cells from carbon nanotubes. These 
methods include the steps of exposing an electrostatically 
charged polymer film to a gaseous stream containing carbon 

55 nanotubes such that the nanotubes come into contact with and 
One aspect of the invention provides a photovoltaic cell 

including a first contact or a first set of contacts made from a 
first electrically conducting material, a second contact or a 
second set of contacts made from a second electrically con
ducting material and a plurality of carbon nanotubes bridging 60 

the first and second contacts ( or sets of contacts). In one 
embodiment, the first electrically conductive material, typi
cally a metal, has a lower work function than the carbon 
nanotubes. As a result, the junctions formed between the first 
electrically conducting material and the nanotubes are char- 65 

acterized in that they form Schottky barriers for electrons. 
The second electrically conductive material desirably has a 

become affixed to the polymer film via electrostatic interac
tions to provide a random arrangement of the carbon nano
tubes supported on the polymer film. A contact ( or set of 
contacts) made from a first electrically conducting material is 
deposited on the polymer film ( e.g., either under or over the 
supported nanotubes) such that one end ofat least some of the 
nanotubes is in contact with the first electrically conductive 
material. A second contact ( or set of contacts) is then depos
ited on the polymer film such that the opposing ends of at least 
some of the nanotubes are in contact with the second electri
cally conductive material. Those nanotubes having a contact 
of the first electrically conductive material at one end and a 



US 7,645,933 B2 
3 

contact of the second electrically conductive material at the 
opposing end may participate in photoconduction. 

A fourth aspect of the invention provides an apparatus for 
producing photovoltaic cells from carbon nanotubes. The 
apparatus includes a reactor adapted to produce a gaseous 5 

stream containing carbon nanotubes and an electrostatically 
charged polymer film disposed in the path of the gaseous 
stream such that when the gaseous stream exits the reactor it 
passes over the polymer film and the nanotubes suspended in 
the stream become attached to the polymer film through elec- 10 

trostatic interactions. 

4 
at the opposing end to a second contact with which the carbon 
nanotube either forms a smaller Schottky barrier for the same 
carriers, does not form a Schottky barrier for electrons or 
holes or forms a Schottky barrier for the opposite carriers. A 
current detector is connected to the first and second contacts 
in order to detect any photocurrent generated in the at least 
one carbon nanotube. 

A fifth aspect of the invention provides systems powered 
by the photovoltaic cells provided herein. These systems 
include an electrical power consuming device, such as a 
power grid, electrically connected to and powered by one or 
more of the photovoltaic cells. 

Further objects, features and advantages of the invention 
will be apparent from the following detailed description when 
taken in conjunction with the accompanying drawings. 

Carbon nanotubes are carbon molecules with diameters on 
the nanometer scale and lengths on the micrometer scale. 
These nanotubes have unique electrical, physical and 
mechanical properties inherent to their tubular structure. One 
particularly interesting property of carbon nanotubes is that 
they can be semiconducting or metallic depending on the 
molecular structure of the tube. Additionally, the nanotube's 

15 band structure is dependent on the diameter of the nanotube, 
making it possible to tailor a nanotube's electrical properties 
by choosing the appropriate diameter for use in a device, such 
as a photovoltaic cell or a photodetector. For example, a 
nanotube having a particular diameter may be selected in 

20 order to provide a photodetector for detecting radiation of a 
specific energy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings: Carbon nanotubes are significantly more flexible than 
other crystalline photovoltaics. This flexibility allows the FIG. 1 is a diagram of the energy levels for a titanium 

contact, a carbon nanotube and a gold contact before contact 
is made. 

FIG. 2 is a diagram of the energy levels for a titanium 
contact, a carbon nanotube and a gold contact after contact is 
made. 

25 
nanotubes to be placed on a polymer support which vastly 
reduces production costs. The need for silicon processing 
environments including hazardous chemicals, wasteful effi
ciencies, and expensive air handling equipment may thereby 
be avoided. 

FIG. 3 is a diagram of a carbon nanotube Schottky barrier 30 

photovoltaic cell made from a plurality of aligned carbon 
nanotubes bridging a plurality of titanium contacts and a 
plurality of gold contacts. 

The carbon nanotube Schottky barrier photovoltaic cells 
provided herein generally operate in the same marmer as 
typical photovoltaic cells, where a photon excites an electron 
from the valence band into the conduction band. If the elec-
tron-hole pair generated by this action feels a voltage, the FIG. 4 is a schematic diagram of an apparatus for making 

a carbon nanotube Schottky barrier photovoltaic cell. 
FIG. 5 is a schematic diagram of an apparatus for measur

ing the photocurrent in a carbon nanotube Schottky barrier 
photovoltaic cell. 

35 electron and hole will be separated. In the carbon nanotube 
Schottky barrier photovoltaic cells, an electric field is set up 
by the difference in work functions between the nanotube and 
a contact at one end of the nanotube. The use of carbon 
nanotubes in the cells makes it possible to provide photovol-FIG. 6 is a graph of the raw photocurrent of a first photo

voltaic cell measured using the apparatus of FIG. 5. 
FIG. 7 is a graph of the raw photocurrent of a second 

photovoltaic cell measured using the apparatus of FIG. 5. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

40 taic cells with improved efficiencies compared to more con
ventional photovoltaic cells. This is because a large number 
of carbon nanotubes having different diameters, which 
absorb different energies may be employed in a single cell. As 
a result, the cells are able to absorb energy across a broad 

45 radiation spectrum, enhancing their overall efficiency. 

In the devices provided herein, contacts made from two 
different conductive materials are used. A first material, hav
ing a work function that is either loweror higher than the work 
function of the carbon nanotubes, is disposed on one end of 

Carbon nanotube Schottky barrier photovoltaic cells, pho
todetectors, methods and apparatus for making the photovol
taic cells, and systems powered by the photovoltaic cells are 
provided in accordance with the present invention. 50 the nanotubes, and a second material is disposed on the other 

end. When the first material has a work function lower than In the photovoltaic cells, a plurality of photoconducting 
carbon nanotubes are attached at one end to one or more first 
contacts with which the carbon nanotubes form a Schottky 
barrier or electrons or holes and at the opposing end to one or 
more second contacts with which the carbon nanotubes either 55 

form: 1) a smaller Schottky barrier; 2) no Schottky barrier; or 
3) a Schottky barrier for the opposite carriers (i.e., holes or 
electrons). In these cells, the Schottky barrier (or barriers) 
provides a built-in electric field that can separate photo gener
ated electron-hole pairs. Because the opposing ends of each 60 

nanotube do not have identical Schottky barriers, the elec
tron-hole pairs are free to escape the nanotube and recombine, 
generating a photocurrent that can flow through an external 
circuit connected to the first and second contacts. 

In the photodetectors, at least one carbon nanotube is 65 

attached at one end to a first contact with which the carbon 
nanotube forms a Schottky barrier for electrons or holes and 

that of the carbon nanotubes a Schottky barrier for electrons 
forms at the nanotube junction. In this case, the second mate
rial may have a work function that is higher than that of the 
carbon nanotubes, such that a Schottky barrier for holes is 
formed at the nanotube junction; that lies between the work 
functions of the first electrically conductive material and the 
carbon nanotubes; or that is substantially the same as that of 
the carbon nanotubes, such that no Schottky barriers are 
formed at the nanotube junction. Similarly, when the first 
material has a work function higher than that of the carbon 
nanotubes a Schottky barrier for holes forms at the nanotube 
junction. In this case, the second material may have a work 
that lies between the work functions of the first electrically 
conductive material and the carbon nanotubes; or that is sub
stantially the same as that of the carbon nanotubes, such that 
no Schottky barriers are formed at the nanotube junction. 
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FIG. 1 shows the band structure 100 of the components of 
a carbon nanotube Schottky barrier device made from a tita
nium contact 102, a gold contact 104 and a carbon nanotube 
106. This figure shows the band structure of the device before 
contact has been made between the components. As shown in 
the figure, the work functions for the nanotube 106 and the 
gold contact 104 are aligned fairly well, while the work func
tions for the nanotube 106 and the titanium contact 102 are 

6 
significantly higher than other conventional silicon photovol
taic cells which operate at approximately 40 mA/cm2 or less. 

FIG. 3 shows a schematic diagram of a cell 300 made from 
a plurality of carbon nanotubes 302 disposed between grids of 

5 titanium 304 and gold contacts 306. The nanotubes are placed 
in aligmnent on a surface of a polymer film with titanium and 
gold contacts placed in electrical contact with of the nano
tubes in an alternating fashion, utilizing each contact for 
current collection from nanotubes on either side. A broad not. After the materials are brought into contact, the work 

function difference between the nanotube 106 and the tita- 10 range of polymer films may be used for this purpose. 
Examples of suitable polymer films include polyamide films 
(e.g., nylon films), polyester films (e.g., Mylar films) and 
polyethylene films. The cells can then be wired to either 
increase the current or increase the voltage just as in a more 

nium 102 will cause band bending in the vicinity of the 
junction. This is shown in FIG. 2. This band bending will set 
up an electric field that separates electron-hole pairs gener
ated by photons incident on the nanotube. These electron
hole pairs will be the current measured in the devices pro
vided herein. 

15 conventional photovoltaic cell. The nanotubes do not have to 
be ordered as shown as long as they reach two different 

The first contact material may be a conductive material 
having a work function that is lower than the work function of 
the carbon nanotubes such that a Schottky barrier for elec
trons forms at the contact/nanotube junction. Alternatively, 20 

the first contact material may be a conductive material having 

contacts. 
The photovoltaic cells may be electrically connected to 

various electrical power consuming devices in order to power 
said devices. Electrical power consuming devices that may be 
powered with the photovoltaic cells include, but are not lim-

a work function that is higher than the work function of the 
carbon nanotubes, such that a Schottky barrier for holes is 
formed at the contact/nanotube junction. The first contact 
material may be any electrically conducting material, includ- 25 

ing metals, conducting polymers and conducting oxides, hav
ing an appropriate work function. The first contact material 
desirably has a work function that is at least 0.3 eV higher or 
lower than the work function of the carbon nanotubes. This 

ited to, computers, mobile phones, calculators and watches. 
On a larger scale, the electrical power consuming device may 
be a power grid. 

A method and apparatus for producing a carbon nanotube 
Schottky barrier photovoltaic cell from a plurality of ran
domly aligned nanotubes are also provided. In this method a 
negatively electrostatically charged polymer film is exposed 
to a vapor containing carbon nanotubes. The carbon nano
tubes are electrostatically attracted to the charged film and, 
therefore, become affixed to the film through electrostatic 
interactions. The result is a layer (or layers) of randomly 
aligned carbon nanotubes attached to the polymer film. A grid 
of contacts of a first contact material and a grid of contacts of 

includes first contact materials having a work function that is 30 

at least 0.5 eV higher or lower than the work function of the 
carbon nanotubes and further includes first contact materials 
having a work function that is at least 0.7 eV higher or lower 
than the work function of the carbon nanotubes. The work 
function for single walled carbon nanotubes is about 5 eV. 
Therefore, one exemplary metal for use as the first contact 
material is titanium (work function approximately 4.3 eV). 

35 a second contact material may be patterned onto the film over 
or under the nanotubes. Those nanotubes that span contacts of 
the first and second contact materials contribute to the pho
tocurrent in the resulting photovoltaic cell. The second contact material may be a conductive material 

having a work function similar to the work function of the 
carbon nanotubes such that a Schottky barrier is not formed at 
the contact/nanotube junction. Alternatively, the second con
tact material may be a conductive material having a work 
function sufficient to provide a Schottky barrier at the contact/ 
nanotube junction, where the Schottky barriers at either end 
of the carbon nanotubes are Schottky carriers for opposite 
carriers. Like the first contact material, the second contact 
material may be any electrically conducting material, includ
ing metals, conducting polymers and conducting oxides, hav
ing an appropriate work function. In some embodiments the 
second contact material desirably has a work function within 
about 0.1 eV of the work function of the carbon nanotubes. 
This includes second contact materials having a work func
tion that differs from the work function of the carbon nano
tubes by no more than 0.05 eV. The work function for single 
walled carbon nanotubes is about 5 eV. Therefore, suitable 
metals for use as the second contact material include gold 
(work function approximately 5 eV). 

The carbon nanotube Schottky barrier photovoltaic cells 
provided herein will include a plurality ( e.g., on the order of 
billions or even trillions) of carbon nanotubes bridging two 
contact materials as described above. For example, a carbon 
nanotube photovoltaic cell in accordance with the present 
invention might contain about 109 nanotubes per square cm. 
This includes embodiments where the photovoltaic cell con
tains about 1010 nanotubes per square centimeter. Such cells 
can provide a current density of up to approximately 50 
mA/cm2 or even up to approximately 100 mA/cm2

. This is 

An apparatus for making carbon nanotube Schottky barrier 
40 photovoltaic cells in accordance with the method outlined 

above is shown in FIG. 4. The apparatus 400 includes amount 
402 for a polymer film 404 disposed below an outlet 406 of a 
reactor 408 adapted to produce a gaseous stream containing 
nanotubes from a reactant gas and a catalyst. The reactor 408 

45 includes an inlet port 410 adapted to introduce reactant gas 
and gas-borne catalyst particles into the reactor where carbon 
nanotubes are formed. In the specific embodiment depicted in 
FIG. 4, the polymer film mount 402 includes two rollers 412, 
414 between which the polymer film 404 is wound. The 

50 mount 402 optionally includes a coolingroller416 to cool the 
polymer film 404 as it is passed from the first roller 412 to the 
second roller 414. As shown in the figure, the inlet port 410 
may be a cooled showerhead-style input port which injects 
catalyst particles into the reactor carried by reactive gases. 

55 Carbon nanotubes are formed in the reactor 408 and cool as 
they pass through a cooling zone 418 below the reactor 408. 
The carbon nanotubes exiting the cooling zone 418 are 
attracted, via electrostatic charge, to the polymer film 404 
between the rollers 412, 414. Once the carbon nanotubes 

60 contact the polymer film 404 they become fixed to the surface 
thereof through electrostatic interactions. Grids of contacts, 
such as those shown in FIG. 3, may then be deposited over the 
nanotubes on the polymer film to provide a photovoltaic cell. 
The contacts or grids of contacts may be deposited using 

65 standard photolithographic techniques. 
Reactors commonly used in the synthesis of carbon nano

tubes ( e.g. via high pressure carbon monoxide (HiPCo) pro-
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cesses) are well known and connnercially available. One such 
reactor and a HiPCo process for producing carbon nanotubes 
in the reactor is described in PCT patent application publica
tion number WO 00/26138, the entire disclosure of which is 
incorporated herein by reference. Briefly, the reactor may 5 

include a reaction vessel having a reactant introduction zone, 
a reactant mixing zone, a growth and annealing zone and a 
product recovery zone. The reactant introduction zone is in 
fluid connnunication with input ports through which the reac
tant gas (e.g. CO) and the gaseous catalyst precursor (e.g. 10 

Fe(CO)5 ) are introduced into the vessel. Mixing means may 
be provided in the vessel to mix the reactant gas and catalyst 
precursor in the reactant mixing zone and heating means ( e.g. 
a heater, oven or furnace) may be provided to maintain the 
growth and annealing zone at an elevated temperature. In the 15 

process carried out in this apparatus, the reactant gas and 
catalyst precursor are heated to a temperature sufficient to 
decompose the catalyst precursor, forming catalyst metal 
atom clusters and to promote the initiation and growth of 
single walled carbon nanotubes, resulting in a suspension of 20 

single walled carbon nanotubes in a gaseous stream. This 
gaseous stream may then carry the carbon nanotubes out of 
the furnace and onto the polymer film. 

The polymer films may be electro statically charged with an 
electrostatic charger device. Devices and methods for elec- 25 

trostatically charging polymer films are well known. Suitable 
methods include, but are not limited to corona charging meth
ods, thermal charging methods, photoelectric charging meth
ods, radio charging methods, low-energy electron beam 
charging methods and contact charging methods. Descrip- 30 

tions of these methods and devices for carrying out electro
static charging may be found in U.S. Pat. No. 5,012,094, the 
entire disclosure of which is incorporated herein by reference. 

Other suitable methods for producing the carbon nano
tubes include, but are not limited to, chemical vapor deposi- 35 

tion methods. One such method is described in greater detail 
below. 

In this example, individual single walled carbon nanotubes 
were grown using chemical vapor deposition (CVD). Tita
nium and gold contacts were then photolithographically 40 

deposited on opposite ends of the nanotubes. 
The carbon nanotubes were grown on a silicon wafer 

according to the following procedure. A silicon (001) wafer 
was thermally oxidized and diced into chips having dimen
sions of approximately 2 to 3 millimeters (mm). Drops of a 45 

catalyst solution (FirstNano, Inc., Carpinteria, Calif.) were 
spotted onto each chip using the fluid dispensation device 
described in U.S. Patent Publication No. 2004/0071601, the 
entire disclosure of which is incorporated herein by reference. 
Briefly, this device includes an elongated nozzle with a diced 50 

piece of piezoelectric material bonded to the nozzle's outer 
surface. When the piezoelectric material is actuated at ultra
sonic frequencies, fluid in the nozzle is ejected onto an under
lying substrate. The silicon chips were then transferred into 
an EasyTube furnace (FirstNano, Inc., Carpinteria, Calif.) 55 

where carbon nanotubes were grown on the chips. Typical 
growth conditions are a furnace temperature of about 900° C. 
under 500 seem CH4 at a pressure of about 7 50 Torr for about 

8 
ends opposite the titanium contacts. An aluminum wire bond
ing machine was then used to attach leads to the contacts. 

Photocurrent testing of the resulting devices was carried 
out using a white-light port at the Synchrotron Radiation 
Center in Stoughton, Wis. FIG. 5 shows a schematic diagram 
of the experimental set-up 500 used to obtain the photocurrent 
measurements. Radiation was generated using the synchro
tron 501. In these tests a monochromator 502 was used to 
select a desired wavelength and the radiation was passed 
through a filter 504 and a chopper 506 before a lens 508 
directed the radiation onto the photovoltaic devices 510. Raw 
photocurrent data were obtained through a lock-in amplifier's 
512 measurement of the current divided by a number (typi
cally about 1 to 2) proportional to the synchrotron's beam 
flux. The illumination intensity was typically in the microwatt 
range, but would vary with wavelength. The raw photocurrent 
for two different titanium-nanotube-gold devices is shown in 
FIGS. 6 and 7. 

It is understood that the invention is not confined to the 
particular embodiments set forth herein as illustrative, but 
embraces all such forms thereof as come within the scope of 
the following claims. 

What is claimed is: 
1. A photovoltaic cell comprising: 
(a) an insulating support having opposed front and rear 

surfaces; 
(b) a first contact extending along the front surface and 

supported thereby, the first contact comprising a first 
electrically conductive contact material; 

( c) a second contact extending along the front surface and 
supported thereby, the second contact comprising a sec
ond electrically conductive contact material wherein the 
first and second contacts are spaced apart along the front 
surface to be bridgeable by a single nanotube; 

( d) a plurality of photoconductive carbon nanotubes lying 
along the front surface aligned in a plane of the front 
surface, each nanotube bridging between the first con
tact comprising a first electrically conductive contact 
material and the second contact comprising a second 
electrically conductive contact material, the carbon 
nanotubes configured to receive light directed at the 
front surface along a path substantially normal to the 
front surface; 

wherein the carbon nanotubes directly contact the contacts; 
wherein the work function of the first electrically conduc

tive contact material differs from the work function of 
the carbon nanotubes, 

further wherein the junctions between the first electrically 
conductive material and the carbon nanotubes form 
Schottky barriers for electrons or holes; and 

whereby light illuminating the photovoltaic cell produces 
an electrical voltage across the first and second contacts. 

2. The photovoltaic cell of claim 1 wherein the work func
tion of the first electrically conductive contact material is 
lower than the work function of the carbon nanotubes and 
further wherein the junctions between the first electrically 
conductive contact material and the carbon nanotubes form 
Schottky barriers for electrons and the junctions between the 15 minutes, however the present invention is not limited to 

nanotubes grown under these conditions. 60 second electrically conductive contact material and the car
bon nanotubes do not form Schottky barriers for electrons. 

3. The photovoltaic cell of claim 2 wherein the junctions 
between the second electrically conductive contact material 
and the carbon nanotubes form Schottky barriers for holes. 

4. The photovoltaic cell of claim 2 wherein the junctions 
between the second electrically conductive contact material 
and the carbon nanotubes do not form Schottky barriers. 

After the carbon nanotubes were grown on the chips and 
the chips were removed from the furnace and allowed to cool, 
titanium contacts were photolithographically deposited onto 
one side of the carbon nanotubes. The chips were then viewed 
under a scanning electron microscope and the most promising 65 

chips were selected. The selected chips were then aligned and 
gold contacts were photolithographically deposited on the 
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5. The photovoltaic cell of claim 2 wherein the first and 
second electrically conductive contact materials are indepen
dently selected from the group consisting of metals, conduct
ing polymers and conducting oxides. 

6. The photovoltaic cell of claim 2 wherein the first elec- 5 

trically conductive contact material comprises a first metal 
and the second electrically conductive contact material com
prises a second metal. 

10 
11. The photovoltaic cell of claim 2 wherein the plurality of 

nanotubes comprises carbon nanotubes that have different 
bandgaps. 

12. The photovoltaic cell of claim 2 wherein the surface 
density of carbon nanotubes on the first and second contacts 
is at least about 109 nanotubes/cm2

. 

13. The photovoltaic cell of claim 2 wherein the surface 
density of carbon nanotubes on the first and second contacts 
is at least about 1010 nanotubes/cm2

. 

14. The photovoltaic cell of claim 2 wherein the photovol
taic cell has a current density of at least about 50 mA/cm2

. 

7. The photovoltaic cell of claim 6 wherein the work func
tion of the first metal is lower than the work function of the 10 

carbon nanotubes by at least 0.3 eV and the work function of 
the second metal and the work function of the carbon nano
tubes differ by no more than 0.1 eV. 15. The photovoltaic cell of claim 2 wherein the photovol

taic cell has a current density of at least about 100 mA/cm2
. 

15 

8. The photovoltaic cell of claim 6 wherein the first metal is 
titanium and the second metal is gold. 

9. The photovoltaic cell of claim 2 wherein the nanotubes 
are disposed on a polymer film. 

10. The photovoltaic cell of claim 9 wherein the polymer 
film comprises a polymer selected from the group consisting 
of polyamides, polyethylene and polyesters. 

16. The apparatus of claim 1 wherein single carbon nano
tubes have an aerial density of greater than 109 nanotubes per 
square centimeter. 

* * * * * 
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