
US 20100132887A2 

(19) United States (10) Pub. N0.: US 2010/0132887 A2 

(12) Patent Application Publication (43) Pub. Date: Jun. 3, 2010 
Donnelly et a]. REPUBLICATION 

(54) SYSTEM AND METHOD FOR (60) Provisional application No. 60/748,541, ?led on Dec. 
NANO-PANTOGRAPHY 8, 2005. 

(75) Inventors: Vincent Donnelly, Houston, TX (US); Publication Classi?cation 
Demetre Economou, Houston, TX (US); 
Paul Ruchhoeft, Houston, TX (US); Lin (51) Int- Cl 
Xu, Houston, TX (US); Sri Vemula, C23F 1/08 (2006-01) 
Leuven (BE); Manish Jain, Houston, 305C 5/ 02 (2006-01) 
TX (Us) (52) US. Cl. ............... .. 156/345.24; 118/621; 156/345.3; 

1 18/708 
Correspondence Address: 
WINSTEAD PC (57) ABSTRACT 
PO. BOX 50784 

DALLAS, TX 75201 (UNITED STATES) A method is provided for creating a plurality of substantially 
_ _ _ uniform nano-scale features in a substantially parallel manner 

(73) Asslgnee: Unlverslty of Houston’ Houston’ TX in Which an array of micro-lenses is positioned on a surface of 
(Us) a substrate, Where each micro-lens includes a hole such that 

_ the bottom of the hole corresponds to a portion of the surface 
(21) Appl' NO" 12/435’545 of the substrate. A ?ux of charged particles, e.g., a beam of 

. _ positive ions of a selected element, is applied to the micro 
(22) Flled' May 5’ 2009 lens array. The ?ux of charged particles is focused at selected 

Prior Publication Data focal points on the substrate surface at the bottoms of the 
holes of the micro-lens array. The substrate is tilted at one or 

(65) Us 2009/0283215 A1 NOV_ 19 2009 more selected angles to displace the locations of the focal 
’ points across the substrate surface. By depositing material or 

Related U_s_ Application Data etching the surface of the substrate, several substantially uni 
form nanometer siZed features may be rapidly created in each 

(62) Division of application No, 11/633,233; ?led on Dec_ hole on the surface of the substrate in a substantially parallel 
4, 2006. 

100x 

119 

manner. 

.115 



Patent Application Publication Jun. 3, 2010 Sheet 1 0f 11 US 2010/0132887 A2 

.130 

12$‘) / 
eeeeea 
esaee 
@99696 

(-5669 
866969 
6966 

8989(98 

125 

Fig. 1D 



Patent Application Publication Jun. 3, 2010 Sheet 2 0f 11 

I START I 

FABRiCATION OF AN ARRAY OF 
MICRO-LENSES ON THE SUBSTRATE WHERE THE NANOMETER 
SIZED FEATURES WILL BE ETCHED OR DEPOSITED 

VERY SMALL iON-FOCUSENG 

1 

PLACE THE SUBSTRATE UNDER VACUUM ON A TUNING STAGE 

I /230 

A PULSED PLASMA AND DiRECT 
EXTRACT A BROAD COLLWIATED BEAM OF POSiTIVE iONS FROM 

THE BEAM AT THE SUBSTRATE 

I 

METAL LAYER ON TH 
APPLY A POSITIVE POTENTiAL TO THE TOP 

E LENS ARRAY 

I 

OPTJMIZE THE VOLTAGE ON THE MiCRO-LENSES SUCH THAT 
THE IONS ARE FOCUSED AT THE BOTTOM OF THE HOLES 

I 

RAPID ETCHiNG AT TH 
IN THE PRESENCE OF 

E FOCAL POiNT BY AH 
REACTIVE GAS 

I 

TILTING OF THE SUBSTRATE AT DESIRED ANGLES TO ALLOW 
MASSiVELY PARALLEL WRITING OF NANOMETER-SIZED PATTERNS 

I I 

RASTERING THE BEAM OVER THE BOTTOM OF THE HOLES 

I I /290 
BU?LDING OF LARGE SCALE CIRCUITRY USING 
THE DEAD SPACE BETWEEN THE LENSES 

I I 

END 

Fig. 2 

US 2010/0132887 A2 



Patent Application Publication Jun. 3, 2010 Sheet 3 0f 11 US 2010/0132887 A2 

__IIM in 

360 



Patent Application Publication Jun. 3, 2010 Sheet 4 0f 11 US 2010/0132887 A2 

360 3170 

I 

G) (D (D (D G) (B 
G G) (D G) C) 

G G (D 0 (D (D 
Q G) G) G (D 

G G) G) (D G) G) 
(D G (D CD (D 

(D (D (D G) (D 6 

Fig. 3B 



Patent Application Publication Jun. 3, 2010 Sheet 5 0f 11 

HEIGHT 

RELATIVE ION FLUX RELATIVE ION FLUX 

:1 im 250 nm 

id = @000 nm 

\\\\\\\\ 
15:90-460 2'00 6 260 450 660 
DiSTANCE FROM CENTER (nm) 

Fig. 4A 

(I! O 1 

FWHM =10 nm 

0... 
i f ! 

~60O 400 200 D 
i i i l 

200 400 600 

DISTANCE FROM CENTER (nm) 

Fig. 4C 

80 

66~ 

40 

28 

0.. 

4550-459 4260 5 260 460 660 
DISTANCE FROM CENTER (nm) 

Fig. 4E 

US 2010/0132887 A2 

Fig. 4B 

Fig. 4D 

Fig. 4F 



Patent Application Publication Jun. 3, 2010 Sheet 6 0f 11 US 2010/0132887 A2 

950 nm 



Patent Application Publication Jun. 3, 2010 Sheet 7 0f 11 US 2010/0132887 A2 

615 6710 

MATCHJNG NETWORK 

620 

TO PUMP ~¢— 

TO PUMP “1 

670 

MICRO-LENS EFFUSWE 
ARRAY _._,.. BEAM 

VOLTAGE 

Fig. 6 



Patent Application Publication Jun. 3, 2010 Sheet 8 0f 11 US 2010/0132887 A2 

\t .mE 

1. iiiiiiiiii .11.... 
n a 

Q 

Amwikp?éwmwm g moEmwzwo n $2.55 H mm? EQE { wwém 25004 $555055 > \ = 

in 

Wléiiiii 5i $35 Til, > w \ '_ > 1 {WE mQ<SO>1IQI {L 1 F L (J KPEEOKIQOZOE 

: 

3R (tog 
“E 51. 9Q 

m?i 3&5 526.“. 

mo<,_.._o>io_z VII... g xix 

_ _ {fig 



Patent Application Publication Jun. 3, 2010 Sheet 9 0f 11 US 2010/0132887 A2 

1000 nm 

Fig. 8A 



Patent Application Publication Jun. 3, 2010 Sheet 10 0f 11 US 2010/0132887 A2 

AFM IMAGE 

28 nm 



Patent Application Publication Jun. 3, 2010 Sheet 11 0f 11 US 2010/0132887 A2 

150 1040 

I010 

"45 1035 

Fig. 10 

SEM IMAGE OF S§LICON SUBSTRATE WiTi-i Ni DEPOSITS 

100pm EHT $5.00 W Signal A = lnLens Date :2 Apr 2006 
Mag = 387 X }_~__.____{ WE) : 6 mm Photo Ne. = 4254 ‘Firm 13:37:56 



US 2010/0132887 A2 

SYSTEM AND METHOD FOR 
NANO-PANTOGRAPHY 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a divisional application of US. 
patent application Ser. No. 11/633,233, ?led on Dec. 4, 2006, 
Which claims priority to US. Provisional Pat. App. No. 
60/748,541, ?led on Dec. 8, 2005. US. patent application Ser. 
No. 11/633,233 and US. Provisional Pat. App. No. 60/748, 
541 are incorporated herein by reference in their entirety. 

GOVERNMENTAL SPONSORSHIP 

[0002] This invention Was made With government support 
under University of Houston account number 5-51-956 
aWarded by the National Science Foundation. 

FIELD OF THE INVENTION 

[0003] This invention pertains to a method and apparatus 
for forming nano-patterns and nano-features, and more spe 
ci?cally, to a system and method for massively parallel rep 
lication of 2-D or 3-D nanometer-siZed patterns of a Wide 
variety of materials over a large area. 

BACKGROUND OF THE INVENTION 

[0004] Current focused ion beam techniques are capable of 
Writing nanometer-sized features but are very sloW. Existing 
methods for making small features consist of lithographically 
de?ning polymeric resist materials and then transferring the 
developed pattern into the desired underlying ?lm or sub 
strate by plasma etching. 

[0005] State-of-the-art immersion lithography can produce 
features as small as 45 nm, but is complex and costly. Ion 
beam or electron beam proximity or projection lithography 
methods are capable of much ?ner resolution (e.g., features 
siZed in the tens of nm), but require expensive and fragile 
masks. Some of the ?nest features may be made by electron 
beam Writing into resist. While this method is very good for 
prototype devices, it is not practical for large-scale fabrication 
and production because the Writing speed is much too sloW to 
cover a several square centimeters chip siZe area in a reason 
able time. 

[0006] Another approach to making devices With nanom 
eter siZed features is to use self-assembled monolayers 
(SAMs). SAMs With micron siZed feature can be delineated 
by lithography or stamping; While complex patterns With 
nanometer-size features can be fabricated With block copoly 
mers. Unfortunately, SAMs are limited in terms of possible 
patterns and materials and are therefore unsuitable for large 
scale nanofabrication. 

[0007] It is therefore desirable to circumvent the aforemen 
tioned limitations and provide a method of fabricating 2-D or 
3-D shape patterns in a Wide variety of materials over large 
areas. It is a further object of the present invention to provide 
a method that is largely unaffected by vibrations, thermal 
expansion and other alignment problems that usually plague 
other nanofabrication methods. 

SUMMARY OF THE INVENTION 

[0008] The present invention utiliZes nano-pantography to 
provide high-throughput, versatile, and large scale fabrica 
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tion of nanometer-sized complex patterns over large surface 
areas by simultaneously focusing a broad ion beam With 
micro-electro static lenses on the substrate. When the Wafer is 
tilted off normal (With respect to the ion beam axis), the focal 
point is laterally displaced, alloWing the focused beams to be 
rastered, thus forming a desired pattern. The desired pattern 
can be replicated simultaneously in potentially millions of 
spots over tens of square centimeters. 

[0009] A method is provided for creating a plurality of 
substantially uniform nanometer-sized features in a substan 
tially parallel manner in Which an array of micro-lenses is 
positioned on a surface of a substrate, Where each micro-lens 
includes a hole such that the bottom of the hole corresponds to 
a portion of the surface of the substrate. A ?ux of charged 
particles, e.g., a beam ofpositive ions ofa selected element, is 
applied to the micro-lens array. The ?ux of charged particles 
is focused at selected focal points on the substrate surface at 
the bottoms of the holes of the micro-lens array. The substrate 
is tilted at one or more selected angles to displace the loca 
tions of the focal points across the substrate surface in accor 
dance With the feature to be mass produced. By depositing 
material or etching the surface of the substrate at the focal 
points as they move across the substrate surface in a substan 
tially parallel fashion, several substantially uniform nanom 
eter siZed features may be created on the surface of the sub 
strate in a substantially parallel manner. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIGS. 1a-c are side vieWs illustrating the nano-pan 
to graphy method. 

[0011] FIG. 1d is a top vieW of the nano-pantography 
method. 

[0012] FIG. 2 is a How chart illustrating the method of the 
present invention. 

[0013] FIG. 3a is a side vieW ofan exemplary embodiment 
of the micro-lens array of the nano-pantography system. 

[0014] FIG. 3b is a top vieW illustrating the exemplary 
embodiment of the micro -lens array of the nano -pantography 
system of FIG. 3a. 

[0015] FIGS. 4a-f illustrate the simulation of relative Ar+ 
?ux as a function of distance across the bottom of a lens in an 
exemplary embodiment of the present invention. 

[0016] FIGS. Sa-c illustrate the scanning electron micro 
graphs (SEM) of patterns etched into silicon Wafers in accor 
dance With an exemplary embodiment of the present inven 
tion. 

[0017] FIG. 6 shoWs an exemplary embodiment of the 
nano-pantography system. 

[0018] FIG. 7 shoWs another exemplary embodiment of a 
plasma chamber that may be used for the nano-pantography 
system. 

[0019] FIG. 8 shoWs a SEM image of nano-deposits created 
by the system shoWn in FIG. 7. 

[0020] FIGS. 911-!) show atomic force microscopy (AFM) 
and SEM images of nano-deposits created by the system 
shoWn in FIG. 7. 

[0021] FIG. 10 shoWs an exemplary embodiment of a 
multi-electrode lens array of the nano-pantography system. 
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[0022] FIG. 11 shows an SEM image ofnano-deposits cre 
ated using the system shown in FIG. 10. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0023] The present invention relates to a method for simul 
taneously forming several tWo or three dimensional and iden 
tical nanometer-sized features of a Wide variety of materials 
over a large area. For the purpose of this disclosure, the term 
nanometer-sized features means nano-scale features, e.g., 
features smaller than approximately 1 micron and at least 
approximately 1 nm. In certain applications, the present 
invention may be used to simultaneously form millions of 
identical nanometer-siZed patterns. In an exemplary embodi 
ment of the invention, nano-pantography can be used to etch 
patterns as Well as to deposit patterned ?lms at the nanometer 
scale With as much as a 100-fold reduction relative to the lens 
siZe. Certain exemplary embodiments of the nano-pantogra 
phy method and system disclosed herein are generally 
capable of pattern resolutions of about 10 nanometers (nm). 
The nano-pantography method and system disclosed herein 
may be generally capable of rapidly providing mass produced 
nano-patteming over a relatively large area such that the 
smallest lateral dimension of a feature may be as small as 
approximately 1 nm. 

General Principles of Nano-Pantography 

[0024] As used herein, pantography refers to the reproduc 
tion of a model into identical copies of either larger or smaller 
siZes. The present invention is a method and apparatus for 
applying the general principles of pantography to nanometer 
siZed patterns. FIGS. la-d illustrate the general concept of 
nano-pantography. As shoWn in FIG. 1a-c, nano-pantography 
alloWs a user to simultaneously reproduce a pattern or model, 
shoWn at 1 15, that is initially engraved on the imaginary plane 
100 onto a substrate 120 in many identical copies 125. Sub 
strate 120 contains several electrostatic micro-lenses or aper 
tures, 130. Each copy is engraved onto substrate 120 through 
a corresponding lens 130. The shape of the model 115 and 
copies 125 are identical but their respective siZes may be 
different. 

[0025] The fountain pen 110 in FIG. 1b illustrates the con 
cept of “Writing” a model 115 on an imaginary plane 100 
initially parallel to the substrate 120 at a selected distance, 
e.g., one meter apart. In this example, model 115 is a simple 
straight line. The motion of the pen 110 corresponds to the 
motion of an axis normal to the substrate 120 as that substrate 
120 is titled. The model can be reproduced on the substrate 
120 in such a Way that the copies 125 are reduced by a factor 
of up to one million. 

[0026] An example of the results of nano-pantography is 
illustrated in FIG. 1d. By tilting the substrate 120 from left to 
center to right, as shoWn in FIG. 1a-c, a user can Write a 
straight line 125 at the bottom ofthe holes oflenses 130, e.g., 
on the substrate 120. In fact, by tilting the substrate 120 at 
appropriate angles in three dimensions, shoWn as angle 6, a 
user can simultaneously reproduce models 115 having any 
selected shape in many copies 125. The ?nal individual cop 
ies 125 can be as small as a feW nanometers in siZe. 

Examples of Nano-Pantography for Massive Nano-Pattem 
ing Over Large Areas 

[0027] Nano-pantography alloWs versatile fabrication of 
nanometer scale pre-selected patterns over large areas. Stan 
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dard photolithography, thin ?lm deposition, and etching may 
be used to fabricate arrays of ion-focusing micro-lenses (e. g., 
small round holes through a metal/insulator structure) on a 
substrate, such as a silicon Wafer, for example. When the 
substrate is tilted off normal With respect to the ion beam axis, 
the focal points in each hole are laterally displaced, alloWing 
the focused beamlets to be rastered across the hole bottoms. 
In the nano-pantography process, the desired pattern is rep 
licated simultaneously in many closely spaced holes over an 
area limited only by the siZe of the broad-area ion beam. With 
the proper choice of ions and doWnstream gaseous ambient, 
the method can be used to deposit or etch materials. 

[0028] For example, the simultaneous impingement of an 
Ar+ beam and a C12 effusive beam on an array of 950 nm 
diameter lenses can be used to etch 10 nm diameter features 
into a Si substrate, Which corresponds to a reduction by a 
factor of approximately 95 times relative to the lens siZe. The 
focused “beamlet” diameters scale directly With lens diam 
eter. Thus a minimum feature siZe of ~1 nm should be pos 
sible With 90 nm diameter lenses. This resolution capability 
generally exceeds conventional photo-lithography tech 
niques. The system and method of the present invention is 
suitable for overcoming one of the main obstacles in practical 
nano-scale fabrication: providing rapid, large-scale fabrica 
tion of virtually any shape and material nanostructures. 
Because ion focusing optics may be built on the substrate 
itself, the nano-pantography system and method of the 
present invention is a self aligned method that is substantially 
unaffected by vibrations, thermal expansion, and other align 
ment problems that usually plague other standard nanofabri 
cation methods. 

[0029] FIG. 2 illustrates an exemplary embodiment of the 
method of nano-pantography. At step 210, an array of very 
small ion-focusing micro-lenses is fabricated on the substrate 
Where the nanometer siZe features need to be etched or depos 
ited. The micro -lenses are preferably electrostatic micro-lens. 
The substrate is then placed under vacuum on a stage that 
alloWs ?ne tuning of the sample position in space in three 
dimensions, at step 220. Next, at step 230, a broad area 
collimated beam of positive ions is extracted from a pulsed 
plasma and directed at the substrate. A positive voltage is 
applied to the top metal layer on the lens array at step 240. In 
response to the application of voltage, the ions are focused at 
the bottoms of the holes at step 250. The voltage on the 
micro-lenses may be optimiZed through experiments and 
simulations to alloW the ions to focus at the correct distance. 
At the focal points, inert ions such as Ar+ canbe made to cause 
rapid etching in the presence of reactive gas, at step 260, While 
metal ions sputtered from a target electrode can be extracted 
and deposited at energies beloW the sputtering threshold. As 
an example of the method illustrated in FIG. 2, simultaneous 
impingement of an Ar+ beam and a C12 effusive beam on an 
array of 950 nm diameter lenses can be used to etch 10 nm 
diameter features into a Si substrate, a reduction of 95 times. 

[0030] At step 270, the substrate is tilted at desired angles to 
alloW for parallel Writing of multiple nanometer-sized pat 
terns at substantially the same time. This embodiment of the 
invention is able to form multiple simultaneous nanometer 
siZed patterns, because, in part, the focal point of the ion beam 
is displaced When the ion beam axis is moved off normal With 
respect to the substrate. The line normal to the substrate 
intersects an imaginary horizontal plane at a selected distance 
from the substrate, e. g., a distance of about one meter from the 
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substrate. As the Wafer is tilted, the normal traces a pattern on 
the imaginary plane. Any pattern could be replicated by the 
ions that focus at the bottom of the holes, With a reduction by 
a factor of about 106. In this manner, any desired pattern may 
be replicated by tilting the Wafer at chosen angles and raster 
ing the beam over the bottom of the holes, as shoWn at step 
280. As a result, predetermined patterns can be formed simul 
taneously at the bottom of a large number of holes. 

[0031] Given the ?exibility of the present process of nano 
pantography, a large number of nanometer-sized features 
may be produced on the sub strate. For example, these features 
may range from simple patterns, such as nanodots, to com 
plex formations including, but not limited to, nanoWires, 
nanotubes, nanodevices and nanocircuits. Moreover, the 
present process of nano-pantography alloWs the user to select 
a Wide variety of materials for the substrate and the nanom 
eter-siZed features. In addition, the method and system dis 
closed herein may be generally capable of rapidly providing 
mass produced nanometer siZed features over a relatively 
large area such that the smallest lateral dimension of a feature 
may range in siZe from approximately 1 nm to approximately 
50 nm. 

[0032] The dead space betWeen lenses is also available for 
large scale circuitry, Which may be formed by conventional 
lithographic methods, to address and control discrete nano 
devices or nano-circuits inside the holes. This is shoWn at step 
290. In addition, because the lenses are mounted on the Wafer, 
there is no need for the critical alignment and vibration con 
trol that is required for the alternative approach of projection 
of multiple focused ion beams onto a scanned substrate. 

[0033] The exemplary embodiment illustrated in FIG. 2 
utiliZes a beam of positive ions. Depending on the applica 
tion, the ions may be any material suitable for deposition, 
such as, for example, metal ions like nickel. Moreover, the 
selected ions may react With the substrate to form neW mate 
rial on the surface of the substrate at the focal points, e.g., 
oxidation. This reaction may facilitated by or occur in the 
presence of a selected gas, for example. 

[0034] Furthermore, the process may utiliZe ions of any 
material suitable for etching, such as, for example, argon. 
Similarly, the process may use any gas suitable for etching the 
substrate. Although ion beams are discussed in the previous 
exemplary embodiment, the system and method of the 
present invention may utiliZe any ?ux of charged particles. 
Other exemplary embodiments may utiliZe electrons, similar 
to the process of e-beam assisted deposition. 

[0035] In addition, depending on the desired application, 
exemplary embodiments of the present process may utiliZe 
simultaneous or sequential deposition of multiple metals of 
controlled composition. Other exemplary embodiments may 
utiliZe small metal catalyst particles, such as nickel, to groW 
orderly arrays of precisely positioned carbon nanotubes, for 
example. The process may also alloW for alternating betWeen 
different gasses, ions, and/or precursors to form multilayer 
structures. In other exemplary embodiments, the focused 
deposition could be folloWed by an unfocused “etch back” 
process to clear footers and other thinner imperfections 
around deposits and improve resolution. 

[0036] One exemplary embodiments may sequentially 
combine the etching and depositions steps. For example, 
nano-holes could be etched into a substrate and then Without 
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removing the substrate from the processing chamber, the 
etching gas could be turned off and poWer could be supplied 
to a target electrode to focus a deposit into the holes in a 
self-aligned manner. In another exemplary embodiment, the 
siZe of nano deposits With Gaussian-shaped pro?les may be 
reduced. This reduction may be accomplished by an etch 
back step With an unfocussed or focused ion beam. The etch 
back step may be performed in the presence of a gas that 
Would selectively etch the nano-deposit and not the substrate. 
This step may remove the edges of the deposits and thus 
reduce their siZe. In another exemplary embodiment, a nano 
deposited pattern could be transferred to an underlying sub 
strate by conventional plasma etching or by broad, unfo 
cussed ion beam-assisted etching in the presence of an 
appropriate gas, such as chlorine for silicon etching, for 
example. 

Example of Fabrication and Use of Micro-Electrostatic 
Lenses 

[0037] The ability to focus ions into the bottom of the 
cylindrical holes or trenches from parallel “beamlets” of a 
collimated, broad area ion beam is useful in carrying out the 
above-discussed exemplary embodiment of nano-pantogra 
phy. The beamlets are comprised of the ions that enter the tops 
of the holes. Each hole of the array acts as a micro lens, similar 
(except for their small siZe) to electrostatic lenses used in ion 
focused beams or mass spectrometers. The array can take any 
desired pattern and thus replicate any desired patterns. Each 
lens contains on average only 10-5 ions. Therefore the possi 
bility of tWo ions occupying a lens at the same time and 
repelling each other is extremely remote. 

[0038] The folloWing is an example of fabricating an array 
of lenses. Standard photolithography, thin ?lm deposition, 
and etching methods may be used to fabricate arrays of ion 
focusing micro-lenses (e.g. small round holes through a 
metal/insulator structure) on a substrate such as a silicon 
Wafer. An array consists of small holes that can be arranged in 
any desired pattern. The micro-lens arrays may consist of 
circular openings in a chromium and SiO2 stack on a p-type, 
B-doped (5-25 Q-cm) Si substrate. The silicon is subjected to 
standard thermal oxidation to groW a device-quality SiO2 ?lm 
With a thickness of 1000 nm. A 50 nm Cr layer is deposited by 
electron beam evaporation, and a 200 nm thick layer of 950 
kg/mol poly(methyl methacrylate) (PMMA) is spin-coated 
onto the chromium layer and baked at 1800 C. for 1 hour. 

[0039] A periodic array of circular patterns is printed using 
ion beam aperture array lithography. In this process, a stencil 
mask, containing an array of circular openings in a thin mem 
brane, is placed in a broad beam of energetic (30 keV) helium 
ions. The ions are either stopped in the opaque regions of the 
mask or pass through the openings to form an array of ion 
beamlets. The beamlets are scanned across the Wafer surface 
to expose circles of arbitrary siZe in the PMMA in a massively 
parallel fashion. The stencil mask consists of a 0.5 pm thick 
silicon nitride membrane With 400 nm diameter circular 
openings and Was used to de?ne lens structures With diam 
eters varying from 700 to 1 100 nm. The PMMA is developed 
in a 1:1 solution of isopropyl alcohol (IPA):methyl-isobu 
tylketone (MIBK), rinsed in IPA, and bloWn dry in nitrogen. 
The PMMA patterns are transferred into the underlying chro 
mium layer using a standard Wet etchant (CE-8002-A, 
Transene Company, Inc.) maintained at 35° C. The Cr pat 
terns act as a mask for the reactive ion etching of SiO2 using 
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0.7 mTorr CHE3 at 85 W. The samples are then Wet-etched in 
a 12.5% HP solution and rinsed in DI Water to remove the 
native oxide on the Si and to undercut the SiO2 in an effort to 
minimize the possibility of sidewall charging. Electrical con 
tacts are made to the Cr layer and Si substrate. At a bias of 
150V on the Cr, the leakage current is typically <0.01 mA. 

Example of Ion Trajectory Simulation Results 

[0040] As discussed above, during the nano-pantography 
process, the ions are de?ected by the spatially varying poten 
tials, and With the proper conditions come to a focus at the 
bottom of the hole. To obtain the best focus, ion trajectory 
simulations may be performed to optimiZe the focal charac 
teristics of the lens. 

[0041] FIG. 3 illustrates an exemplary embodiment of the 
lens array. The single element lens depicted in FIG. 3 is one of 
the simplest forms of lens that may be used. FIG. 3a shoWs a 
collimated broad area ion beam 33 0 interfacing With substrate 
360 containing micro-lens arrays 365. Substrate 360 may be 
(or include) a conducting ?lm. The lens 365 are de?ned by 
apertures in grid 340 connected to substrate 360 by spacer or 
insulator 350. Grid 340 may be a metal electrode. Spacer 350 
contains selectively siZed apertures positioned With respect to 
the apertures of grid 340 to de?ne lens 365. Spacer 350 may 
be composed of dielectric material. As discussed above, the 
system is preferably calibrated such that ions from ion beam 
330 are substantially focused at point 335 at the bottom of 
lens 365. FIG. 3b is a plan vieW of substrate 360 shoWing a 
small region of an array of lens holes With a small feature 370 
deposited or etched in the center of each hole. 

[0042] Ions With a kinetic energy Ei pass through the 
grounded grid as they exit the source plasma and travel a total 
distance 1 Where they encounter a metal electrode 340 at a 
potential Vm, With a thickness 1m and having a through-hole of 
diameter dm. Ions With proper trajectories to pass through this 
hole thenpass through a hole With a diameter dd1 in a dielectric 
material 350 of thickness 1d. The dimensions of the hole 365 
may be accordingly de?ned by both dd1 and dm. To eliminate 
the possibility of charging due to ions that may strike the Wall, 
dd1 can be made >dm. 

[0043] The folloWing example describes a lens With lm=50 
nm thick metal 340 resting on top of ld=1000 nm thick insu 
lator (silicon dioxide) 350 on a silicon substrate 360. The hole 
diameter is dm=dd=950 nm. The potential of the metal, Vm, is 
the control variable, While the substrate 360 is at the reference 
potential (VS is approximately 100 V). The volumetric charge 
density in the region around a single lens 365 is negligibly 
small. Thus, the 2-dimensional Laplace equation is used to 
determine the potential and electric ?eld pro?les in the 
domain. A uniform ?ux of ions is launched at the entrance 
plane With the measured ion energy distribution. Using the 
electric pro?le, the 3-dimensional trajectory of each ion is 
computed by integrating NeWton’s equation of motion With a 
leap-frog method. Integration continues until ions strike a 
surface. 

[0044] FIGS. 4a-f further illustrate this preceding example. 
FIGS. 4a-b illustrate the schematic of a single lens 365, Where 
lm=50 nm and ld=1000 nm. FIGS. 40 and 4e shoW the relative 
ion ?ux as a function of the distance from the center of the lens 
(and corresponding to the schematic of FIG. 4a). FIGS. 4d 
and 4f shoW relative Ar+ ion ?ux across the bottom of the lens 
(corresponding to FIGS. 40 and 4e, respectively). Where the 
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ion beam axis is normal to the substrate surface, as shoWn in 
FIGS. 4c-d, the ion ?ux distribution along the radius at the 
bottom of a 950 nanometer diameter hole is sharply focused 
doWn to a full Width at half maximum of 10 nm, Which 
corresponds to a reduction factor of about 100 times com 
pared to the hole diameter. If the ion beam axis is at an angle 
of 20° With respect to the surface normal, as shoWn in FIGS. 
4e-f, the focal point is displaced by 160 nm With a full Width 
at half maximum of 24 nm. 

[0045] The lens structure may incorporate additional fea 
tures beyond those shoWn in the exemplary embodiment 
depicted in FIG. 3. For example the lens structure may incor 
porate trench openings in the metal and insulation layers. 
These trench formations may alloW the formation of lines, 
e.g., nanoWires. 

Example of Writing With Ion Beamlets 

[0046] The folloWing example describes a lithographically 
de?ned Cr/ SiO2/ Si lens array With 700 to 1100 nm diameter 
holes exposed to a 200 eV or 100 eV Ar+ and a C12 effusive 
beam With an estimated Cl2zAr+ ?ux ratio of 200:1. Under 
these conditions, Si may etch at a rate of 1.3 Si atoms per Ar+ 
at E=200 eV and 0.7 Si atoms per Ar+ at E=100 eV. The 
sputtering rate in the absence of C12 is typically much sloWer 
(0.3 and 0.1 Si atoms per Ar+ at E=200 and 100 eV, respec 
tively). Spontaneous etching of Si by C12 is typically very 
sloW at room temperature. Hence, etching generally only 
occurs at the focal points of the Ar+ beamlets. 

[0047] FIGS. 5a-c illustrate scanning electron micrographs 
(SEM) of an example pattern etched into Si With a lens array. 
A small portion of the array, a single lens, and tWo etched 
holes at the bottom of the lens are shoWn in FIGS. 511-0. The 
larger (20 nm diameter) off-axis hole 510!) corresponds to an 
estimated angle of approximately 20° betWeen the ion beam 
and the Wafer normal. The 10 nm diameter on-axis hole 510a 
corresponds to a separate etching With near normal incidence 
of the beam. The minimum spot siZe is quite sensitive to 
changes (:2V) in Vm, and to lens diameter. At the preferred 
voltage for a 950 nm diameter lens (196 V, With a Si substrate 
potential of 100 V, in this example), the beamlets focus at the 
center and etch holes With diameters as small as 10 nm, 
resulting in an approximate siZe reduction factor of 95 times. 
The SEM images are in excellent agreement With the siZe and 
shape of the on-axis as Well as off-axis holes predicted from 
the previous example With respect to FIGS. 40-], discussed 
above. 

Example of a Nano-Pantography System 

[0048] FIG. 6 illustrates an exemplary embodiment of the 
nano-pantography apparatus of the present invention, indi 
cated generally at 600. The nano -pantography apparatus con 
sists of an ion beam source region 620, an ion “drift” region 
640, and a Wafer processing region 650. Source 610 provides 
poWer for apparatus 600. Source 610 is preferably a 13.56 
MHZ inductively-coupled plasma reactor. Matching netWork 
615 may provide impedance matching. The radio-frequency 
inductive poWer is delivered through coil 665. Coil 665 is 
preferably a 31/2" diameter, 2-turn coil that is immersed in the 
plasma. Coil 665 is preferably fabricated from 1A" o.d. nickel 
tubing and is Water-cooled. 

[0049] Ions are extracted through an extraction grid 635 at 
the bottom of the plasma chamber 630. The plasma is pulsed 
“on” and “off’, preferably With a frequency of 5 kHZ and a 
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50% duty cycle. After plasma relaxation, a positive, constant 
voltage is applied to a beam acceleration ring 645 that sur 
rounds the plasma region. The acceleration ring is preferably 
a 4 .4" diameter, 0.3" high ring electrode. The plasma potential 
shifts to this applied voltage, allowing precise control over the 
ion beam energy. The extracted ion beam is ?ltered With a 
second grid 655, e.g., a rejection grid, located doWnstream 
that is pulsed positive to reject the beam extracted during the 
plasma “on” periods and pulled to ground to pass the nearly 
mono-energetic collimated beam extracted during the plasma 
“off” periods. In this exemplary embodiment of the present 
invention, a beam of Ar+ ions (or inert gas ions) is utiliZed. As 
discussed above, hoWever, any appropriate ?ux of charged 
particles may be used, based on the particular application or 
materials selected. 

[0050] The sample 660 is exposed to the ion beam in a 
separate chamber 650. Chamber 650 is preferably 30" doWn 
stream from the extraction grid 635 of the plasma source. 
Micro-lens array voltage source 665 provides voltage to the 
lens array. For this particular exemplary embodiment, beam 
670 preferably provides a C12 effusive beam to impinge on the 
lens array to assist in etching the substrate. As discussed 
above, any appropriate gas may be used in the etching pro 
cess, based on the particular application or materials selected. 
A drift region 640 is preferably included to reduce the angular 
spread of the ion beamlets that enter the micro-lens. The 
region 640 may also reduce the ?ux of neutrals, such as 
uncharged nickel atoms, for example, into the lens openings. 
Such uncharged species could deposit across most of the lens 
bottoms instead of predominantly at the focal points. The 
pressure in drift region 640 is loWered With appropriate 
vacuum pumps 642 to reduce the gas number density, such as 
only a small fraction of the ions collide With the background 
gas. 

[0051] FIG. 7 illustrates another exemplary embodiment of 
another plasma chamber that may be used for the nano-pan 
tography system, shoWn generally at 700. System 700 is 
suitable for creating Ni nano-deposits. System 700 may 
receive nickel target 720 and includes nickel internal coil 710. 
System 700 includes high-voltage poWer supply 725 to pro 
vide poWer to high-voltage pulser 730. High voltage pulser 
730 is connected to nickel lamp 740 and pulse generator 735. 
Nickel lamp 740 may emit a beam through lens 745 into ion 
beam source region 775 and through lens 770 to monochro 
mator 765. Monochromator 765 is an optical device that 
transmits a selectable narroW band of Wavelengths of light 
chosen from a Wider range of Wavelengths available at the 
input, e.g., beam emitted via lens 770. Monochromator 765 is 
connected to photomultiplier tube 760. Photomultiplier tube 
760 detects the light signal transmitted by monochromator 
765 and multiplies this signal. Both pulse generator 735 and 
photomultiplier tube 760 may be connected to lock-in ampli 
?er 750. Ampli?er 750 can extract the desired signal from the 
possible noise of the environment. Ampli?er 750 is, in turn, 
connected to computer 755. Computer 755 may transmit and 
receive signals to and from system 700 for control and data 
collection purposes. 

[0052] In this deposition mode, both the Ni internal coil 710 
and Ni target 720 are sputtered by Ar+ to produce Ni atoms, a 
fraction of Which become ioniZed. The SEM and atomic force 
microscopy (AFM) images of the Ni deposits are illustrated in 
FIGS. 8 and 9. FIG. 8a shoWs a SEM ofa 750 nm diameter 
single lens 800 With a Ni nano-deposit 815 shoWn inside area 
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810. FIG. 8b shoWs an expanded vieW of Ni nano-deposit 
815. For the example depicted in FIGS. 8a-b, the plasma Was 
run under conditions that maximiZed the concentration of Ni 
and Ni+ in accordance With the spectroscopic diagnostics. In 
this example, the ion landing energy Was kept loW (20 eV) to 
minimiZe sputtering by Ar", Which is present at higher ?uxes 
than Ni+. For this example, the ion energy Was 200 eV, 
Vm=l 97 V, and Vsub=l 80V. The nano-deposits appear to be a 
continuous ?lm of approximately 40 nm diameter surrounded 
by a region of smaller nuclei. FIGS. 9a and 9b shoW AFM and 
SEM images, respectively, of other examples of Ni nanodots 
900 deposited in accordance With the present invention. A 
smaller Ni nanodot 910, With a diameter of l 3 nm, is shoWn in 
FIG. 9b. 

[0053] FIG. 10 illustrates a schematic vieW of another 
exemplary embodiment of the lens structure of the nano 
pantography system, indicated generally at 1000. Double lens 
structure 1000, located on the surface of substrate 1010, 
includes tWo stacked lens sections. A ?rst section of double 
lens structure 1000 includes spacer 1015 and grid 1020. Grid 
1020 includes an array of holes 145. Spacer 1015 contains 
aperture 1035. The second section of double lens structure 
1000 includes spacer 1025 and grid 1030. Grid 1030 includes 
an array of micro-holes 150. Spacer 1025 contains aperture 
1040. Preferably, aperture 1035 aligns With aperture 1040 in 
shape, dimension and positioning. Similarly, array of micro 
holes 145 and 150 preferably align With each other in shape, 
dimension, and positioning. 

[0054] In one example of creating double lens structure 
1000, a p-type highly doped silicon substrate (substrate 1010) 
may be covered by a 100 um thick plastic ?lm (spacer 1015) 
containing a 0.5 cm hole (aperture 1035). This sheet may be 
covered With a metal grid (grid 1020) With an array of 150 um 
holes in it (array of holes 145). A second 100 pm thick plastic 
?lm (spacer 1025) With a 0.5 cm hole (aperture 1040) may be 
placed over the grid (grid 1020) and aligned With the 0.5 cm 
hole on the ?rst plastic ?lm (aperture 1035). A second metal 
grid (grid 1030) With the same siZe hole and hole pattern 
(array of holes 150) as the bottom grid (grid 1020) may be 
positioned on the top of the second spacer (spacer 1025) and 
the micro-holes in this grid (array of holes 150) may be 
aligned With counterparts in the ?rst grid (array of holes 145) 
under an optical microscope. This assembly may be placed 
into a vacuum chamber With a pressure of 4x10‘5 torr and a 
200 eV Ni ion beam extracted from a Ni+-containing plasma 
may be directed at the assembly. The voltages on the sub 
strate, ?rst grid and second grid may be set at 180 V, 190.4 V 
and 150 V respectively. After 3 hours of processing, both the 
grids and the plastic spacers may be removed. SEM measure 
ments may be subsequently taken on the bare silicon substrate 
to evaluate the results. The results of this example are shoWn 
in FIG. 11. 

[0055] FIG. 11 is a SEM image of an exemplary embodi 
ment of the silicon substrate 1100 With Ni deposits 1110. The 
bright oval-shaped hole array 1105 is the imprint of holes on 
the grid and the contrast Was most likely due to the surface 
modi?cation of energetic neutrals accompanying the ion 
beam. In addition, the holes 1105 may not be perfectly circu 
lar due to possible slight misalignments of the micro-holes of 
the tWo grids. Close to the center of each hole imprint 1105 is 
a Ni deposit 1110 With a diameter of approximately 10 um 
and a height of approximately 10 nm, as measured by AFM. 
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[0056] The present nano-pantography process has been 
described for creating nanodots and etching patterns on the 
surface of a substrate, and it Will be apparent to one skilled in 
the relevant arts that the system and method of the present 
invention alloWs for the creation of complex formations 
including, but not limited to nanoWires, nanotubes, nanode 
vices and nanocircuits. Furthermore, the available surface 
area of the micro-lens array may be utiliZed to incorporate 
larger scale circuitry to address and control the formations, 
such as nanodevices and nanocircuits, created Within the 
holes of the micro-lens array. 

[0057] Although the foregoing invention has been 
described in detail for purposes of clarity of understanding, it 
Will be apparent that certain changes and modi?cations may 
be practiced Within the scope of the appended claims. It 
should be noted that there are many alternative Ways of imple 
menting both the process and apparatus of the present inven 
tion. Accordingly, the present embodiments are to be consid 
ered as illustrative and not restrictive, and the invention is not 
to be limited to the details given herein, but may be modi?ed 
Within the scope and equivalents of the appended claims. 

What is claimed is: 
1. A system for creating a plurality of substantially uniform 

nano-scale features in a substantially parallel manner on a 
surface of a substrate comprising: 

a source operable to provide a directed ?ux of charged 
particles; and 

an array of micro-lenses positioned on the surface of the 
substrate, Wherein each lens comprises an aperture such 
that the aperture de?nes a bottom that corresponds to a 
portion of the surface of the substrate; Wherein the array 
is operable to receive the ?ux of charged particles, focus 
the ?ux of charged particles at selected focal points on 
the surface of the substrate corresponding to the bottoms 
of the apertures of the micro-lens array, and 

Wherein the system is operable to displace the locations of 
the focal points on the surface of the substrate to alloW 
for the formation of a plurality of substantially uniform 
nanometer siZed features on the surface of the substrate 
in a substantially parallel manner. 

2. The system of claim 1, 

Wherein the system further comprises a voltage source 
operable to provide a selected voltage; and 

Wherein the array of micro lenses further comprises an 
insulating layer and a conducting layer, such that pro 
viding the selected voltage betWeen the conducting layer 
and the substrate is operable to focus the ?ux of the 
charged particles at the selected focal points on the sur 
face of the substrate. 

3. The system of claim 2, Wherein the source is operable to 
provide an ion beam. 
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4. The system of claim 3, Wherein the source comprises a 
pulsed plasma source. 

5. The system of claim 4, further comprising gas source 
operable to provide a selected gas operable to etch the surface 
of the substrate in combination With the directed ?ux of 
charged ions. 

6. The system of claim 5, Wherein the array of micro-lenses 
further comprises a double lens structure. 

7. The system of claim 1, Wherein the source is operable to 
provide a directed electron beam. 

8. A device comprising: 

a substrate, having a surface; 

a lens array positioned on the surface of the substrate, 
Wherein the lens array comprises a plurality of lenses, 
Wherein each lens comprises a hole such that a bottom of 
each hole is aligned With a portion of the surface of the 
substrate; and 

a plurality of nano-scale features on the surface, Wherein 
each feature is positioned at the bottom of a hole, 
Wherein the features are substantially identical in dimen 
sion, substantially identical in shape, and positioned in a 
substantially spatially uniform fashion With respect to 
each other. 

9. The device of claim 8, Wherein each feature comprises a 
nanodot. 

10. The device of claim 8, Wherein each feature comprises 
a nanoWire. 

11. The device of claim 8, Wherein each feature comprises 
a nanotube. 

12. The device of claim 8, Wherein each feature is a nan 
odevice. 

13. the device of claim 8, Wherein each feature is a nano 
circuit. 

14. The device of claim 8, further comprising circuitry 
positioned on a surface of the lens array, Wherein the circuitry 
is operable to address and control one or more features. 

15. The device of claim 8, Wherein a smallest lateral dimen 
sion of a feature is less than 50 nm and at least approximately 
1 nm. 

16. The device of claim 8, Wherein a smallest lateral dimen 
sion of a feature is less than 40 nm and at least approximately 
1 nm. 

17. The device of claim 8, Wherein a smallest lateral dimen 
sion of a feature is less than 30 nm and at least approximately 
1 nm. 

18. The device of claim 8, Wherein a smallest lateral dimen 
sion of a feature is less than 20 nm and at least approximately 
1 nm. 

19. The device of claim 8, Wherein a smallest lateral dimen 
sion of a feature is less than 10 nm and at least approximately 
1 nm. 


