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(57) ABSTRACT 

Micron-sized particles are produced in quantity by one of 
various methods, including generally the steps of preparing 
a substrate surface through a lithographic process, the sur 
face being characterized by de?ning a plurality of elements, 
depositing a layer of particle material on the substrate 
surface including the elements, processing the substrate 
surface to isolate the material deposited on the elements, and 
separating the particles from the elements. The siZe and 
shape of the elements predetermine the siZe and shape of the 
particles. The elements may comprise, inter alia, pillars of 
photoresist or spaces on the substrate surrounded and 
de?ned by photoresist. 

TOP VIEW SIDE VIEH 

: 20 E 
22 

W 
24 

W 
26 

W 

28 

W 

30 

W 



Patent Application Publication Feb. 21, 2002 Sheet 1 0f 12 US 2002/0022124 A1 

ma .OH& on mm zmH> moHm 3uH> an; 

4H .@H& 
i? 

a .E. 5Q 



Patent Application Publication Feb. 21, 2002 Sheet 2 0f 12 US 2002/0022124 A1 

36 muumuuuuumuumx 

34 

r—— '1 '1 I 1 REMOVE | 1 h h 
POLYMER 34 

FIG . 2C 

112: EEOFN h qq I} H11 
Aillga §IASE< ‘ll til, I‘! llI ‘HQ!’ 

38 M". M 

a WWW | 
i A1111: \ 

mm *1 . , ‘ 



Patent Application Publication Feb. 21, 2002 Sheet 3 0f 12 US 2002/0022124 A1 

SUB-100 nm QUARTZ .‘ I‘ ,l h 46 
IMPRINTER ‘ ' I I 

l i | 48 
SILICON SUBSTRATE I, ll TI 

46 
APPLY MOLD RELEASE ‘T. h. T. I. 

COMPOUND AND __ i so 
ADHESION PROMOIER I! k |l . ll 

I | l l 48 

45 
l1| 1'‘ "I ll| 

III III In APPLY POLYMER RESIN I ! I 
I‘ ll 11 \—48 

HHHH 
HEAT ABOVE Tg - 

IMPRINT uITM IMPRINTER - 

COOL 0R IMPRINT — 
EXPDSE uITM uv _ 

RELEASE MD AND 
PLASMA cLEA RENcRES '|| lll h] /'28 



FIG. 

-' 52 

IIIIIIIIIIIIIII\§ UIIIIIIIIIIIIIIIIIIIII 

4A 

k 

FIG . 4B 

64 

AU 

FIG. 

667 
4C 

/// 

' ation Publication Feb. 21, 2002 Sheet 4 0f 12 US 2002 0022124 A1 

0 

// /////////////////////// 

MMMMMM AL 
APS BY 

IIIIIIIIIIIIII ER 
O F M ' O N C D N D U C T IN 

XXXXXXXX RE 
SSSSSSS BY 

EEEEEEEEEEEE NE 

>\\ DEPOSIT Au 9N 

FIG. 4C] 





Patent Application Publication Feb. 21, 2002 Sheet 6 0f 12 US 2002/0022124 A1 

80 

82 

84 



Patent Application Publication Feb. 21, 2002 Sheet 7 0f 12 US 2002/0022124 A1 



Patent Application Publication Feb. 21, 2002 Sheet 8 0f 12 US 2002/0022124 A1 

-__G.8 



Patent Application Publication Feb. 21, 2002 Sheet 9 0f 12 US 2002/0022124 A1 

80 

8O 

8O 



Patent Application Publication Feb. 21, 2002 Sheet 10 0f 12 US 2002/0022124 A1 

80 

I; - f‘asfse'ejs? . 

80 8O 

86 



Patent Application Publication Feb. 21, 2002 Sheet 11 0f 12 US 2002/0022124 A1 

80 

86 



Patent Application Publication Feb. 21, 2002 Sheet 12 0f 12 US 2002/0022124 A1 

80 

7. Van _ T C O m 3 

86 

amnion 1s 

FIG.12 



US 2002/0022124 A1 

DESIGNER PARTICLES OF MICRON AND 
SUBMICRON DIMENSION 

BACKGROUND AND SUMMARY 

[0001] Small particles, i.e. particles approaching one 
micron or less, are known in the art. These particles are made 
With various techniques and may be comprised of Widely 
varying materials. For example, particles may be made of 
gold from colloidal gold solutions, tungsten from a process 
involving grinding, sifting, and ?ltering, and still other 
lesser used materials such as stainless steel, froZen Water, 
and plastic spheres. There are still other similarly siZed 
particles made from other materials as Well. HoWever, all of 
these particles produced by these various methods share 
certain characteristics. For example, the inventor is unaWare 
of any particles, or process for producing particles, Which 
have a uniform siZe and shape regardless of Whether there is 
an opportunity to choose a particular shape. For example, 
many processes produce particles Which are essentially 
globular, but those globular shapes vary from particle to 
particle and also With respect to their siZe. Still other 
processes produce particles Which have irregular shapes and 
With particles having different shapes Within the same yield. 
Many of the processes have a signi?cant range in particle 
siZe With some of these processes producing particles having 
less than a smooth distribution in siZes. In other Words, there 
is not a consistent number of particles of each particle siZe 
contained Within a harvest of any particular process. Fur 
thermore, some particle materials and processes are not 
capable of being produced in all siZes. Still another limita 
tion in the prior art is that the kinds of materials Which may 
be utiliZed are process dependent. In other Words, certain 
types of metal may not be used to produce particles through 
the colloidal solution process due to the chemistry. 

[0002] For illustrative purposes, the inventor Will noW 
describe one particular use of micron-siZed particles. These 
are used in implementing a technology knoWn as biolistics. 
With this technology, inert or biologically active particles 
are propelled at cells at a speed Whereby the particles 
penetrate the surface of the cells and become incorporated 
into the interior of the cells. The process can be used to mark 
cells or tissue or to biochemically affect tissues or tissue in 
situ as Well as single cells in vitro. There are various kinds 
of apparatus used to propel the particles into the cells, 
examples of Which are disclosed in US. Pat. No. 5,371,015; 
US. Pat. No. 5,478,744; and US. Pat. No. 5,179,022, the 
disclosures of Which are incorporated herein by reference. 
These patents also disclose various uses of the micron-siZed 
particles in the area of biolistics. These uses include gene 
therapy for the correction of genetic disorders by expressing 
healthy versions of the defective gene, genetic immuniZation 
for eliciting immune responses against speci?c antigen after 
inoculating cells With the DNA encoding the antigen, 
genetic engineering of animals for producing neW and useful 
phenotypes, the determination of functions of genes in an 
in-vivo setting, and cancer therapy for introducing thera 
peutic genes into tumorous cells. Again, these uses are only 
exemplary as biolistics is a relatively neW and evolving 
technology. 
[0003] As might be expected, it Would be desirable in 
implementing biolistics for a technician to be able to choose 
both a particle’s shape as Well as its siZe and be ensured that 
a collection of these particles Would be uniformly shaped 
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and uniformly siZed in order that a uniform effect may be 
expected upon their use. Furthermore, the particles may be 
particularly shaped in order to enhance the particular appli 
cation desired to be implemented. One such example Would 
be to provide particles having an interior surface, much like 
a donut-shaped particle, so that the interior surface may be 
?lled With a biologically active material desired to be 
delivered into the cell. Typically, in the prior art as knoWn to 
the inventor, particles are coated With the biologically active 
materially and as might be expected some of this biologi 
cally active material is lost as the particles are propelled and 
injected into the cells. This happens through abrasion, accel 
eration, etc. of the particle’s surface as it is delivered. 

[0004] To the extent that the particle siZe, shape, and other 
of its properties can be controlled, neW uses for some micron 
particles may be considered. For example, controlling the 
particle’s siZe and rendering it magnetiZable permits con 
sideration of the particles’ use for reliable and safe trans 
portation through a patient’s blood system to a desired site 
With a magnetic ?eld gradient and under computer control. 
Still other neW uses may be considered and are limited solely 
by the ingenuity of the scientist or engineer. 

[0005] Also knoWn in the prior art are substrates having 
arrays of sub-micron siZed metal deposits. For example, 
nanometer siZe platinum particle arrays Were prepared by 
electron beam lithography. The Pt particles Were 50 nm in 
diameter and spaced 200 nm apart on an oxidiZed silicon 
Wafer. See P. W. Jacobs, et al., Surface Science, 372, 
L249-L253 (1997). Another example of e-beam patterning 
Was the preparation of tWo-dimensional arrays of amorphous 
R-Co (R=Sm and Gd) square particles on 20 nm thick 
niobium ?lms. See O. Geoffrey, et al.,Journal ofMagnetism 
and Magnetic Materials, 121, 223-226 (1993). A third 
example involved the deposition of NisoFe2O boxes With 
Width and spacing of l-um thick on a PMMM resist ?lm, 
folloWed by liftoff, Which resulted in the production of 
“box” arrays of 50-nm thick NisoFe2O boxes With Width and 
spacing of 1 nm. See A. Maeda, et al., Journal ofApplied 
Physics, 76(10), 6667 (1994). A further example is the 
production of ultra-small particle arrays by high resolution 
electron beam lithography, in Which arrays of silver and 
gold-palladium particles smaller than 10 nm in diameter and 
center-to-center spacings as loW as 25 nm Were made. See H. 
Craighead, et al., Journal ofApplied Physics, 53(11), 7186 
(1982). 
[0006] Other methods of making metal particle arrays 
include by “nanosphere lithography” Where uniformly siZed 
latex spheres are deposited onto a substrate such that they 
closest-pack; metal deposition With liftoff results in, for 
example, triangle shaped particles on a hexagonal lattice. 
See J. Hulteen, et al., Journal of Vacuum Science and 
Technology, A 13(3), 1553 (1995). Another approach for 
making small metal particles is by fabricating them With a 
scanning tunneling microscope. In one approach, Fe(CO)5 is 
decomposed by the tunneling electron beam, Which results 
in the deposition on the substrate of small iron deposits With 
approximate diameter of 25 nm. See A. D. Kent, et al., 
Journal ofApplied Physics, 76(10), 6656 (1994). 

[0007] Nanoimprint lithography has been used to create 
metal patterns With feature siZe of 25 nm and spacing of 70 
nm; compression imprinting folloWed by liftoff of a metal 
deposited layer results in the 25 nm particles on the sub 
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strate. See S. Y. Chou, et al., Science, 272, 85 (1996). These 
substrates Were used With the deposits secured to the sub 
strate and the inventor is unaware of any teaching or 
suggestion in the prior art that these deposits could be 
separated from the underlying substrate to produce discrete 
particles. 

[0008] To salve these and other problems in the prior art, 
the inventor herein has succeeded in designing and devel 
oping a method of producing micron and submicron par 
ticles having a uniform pre-selected shape and siZe, as Well 
as the particles themselves. With the inventor’s process, the 
composition of each particle, its physical properties and 
chemical properties, may all be pre-selected or “designed” 
as desired to satisfy a particular need of the designer. The 
particles may be made from virtually any material amenable 
to deposition layering techniques, various different shapes, 
except perhaps for spheres or globular-shaped particles, of 
multi-layered construction from dissimilar materials, and 
engineered to exhibit desirable physical and chemical prop 
erties after formation. 

[0009] Generally, the method of the present invention 
includes the steps of preparing a substrate and, more par 
ticularly, a surface on the substrate for receiving a layer of 
particle material. This preparation process includes a litho 
graphic patterning of a surface of the substrate With any 
suitable lithography process. As explained more speci?cally 
in the preferred embodiment, the inventor has utiliZed pho 
tolithography including layering the substrate With photo 
resist and then exposing the substrate through a mask Whose 
pattern is created using a CAD process. HoWever, e-beam 
lithography, imprint lithography, x-ray lithography, or other 
kinds of lithographic processes as knoWn in the art may be 
used as Well. After the surface of the substrate is prepared, 
a layer of material is deposited on the substrate using any 
appropriate metal deposition process such as vapor deposi 
tion, sputter deposition, CVD deposition, or electro-deposi 
tion. One or more layers of particle material may be depos 
ited, and the layers may be of the same or dissimilar 
materials so as to make layered or sandWich type particles. 
The last step in the process involves separating the particles 
from the substrate Which, depending upon the particular 
process uti1iZed, may include emerging the substrate in a 
solvent, vibrating the substrate such as by soni?cation, or 
chemical etching, or any other suitable such process. The 
particles may then be collected and Washed thoroughly in 
order to ready the particles for further use. 

[0010] The shape, siZe, and uniformity of the particles is 
determined and controlled in the lithographic step of pre 
paring the substrate surface. As explained more completely 
in the detailed description of the preferred embodiment 
which follows, and in the event that photolithography is 
utiliZed, the photo mask pattern helps to determine these 
parameters. After its preparation, it is used to mask a light 
exposure for partially burning aWay a layer of photoresist to 
create elements for receiving the deposited layers of metal 
forming the particles. Therefore, it is important to prepare 
the mask With as accurate an image as is possible to ensure 
sharp lines and corners (if the particle shape so requires) so 
that the particles may be shaped and siZed as desired. 

[0011] While several advantages and features of the 
present invention of a process for making submicron-siZed 
particles and the particles themselves have been explained, 
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a more thorough understanding of the invention may be 
attained by referring to the draWings attached hereto and by 
studying the detailed description of the preferred embodi 
ment Which is provided for illustrative purposes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIGS. 1A to C are vieWs of illustrative shapes 
Which the micron siZed particles of the present invention 
may take. 

[0013] FIG. 2A to D are vieWs of the metal deposition 
step of the process after the substrate surface has been 
prepared With a lithographic process. 

[0014] FIG. 3A to E are several vieWs of an imprint 
process for preparing the substrate. 

[0015] FIG. 4A to D illustrate still another alternative 
process for forming the particles of the present invention. 

[0016] FIG. 5A to D illustrate still another alternative 
process for forming the particles of the present invention. 

[0017] FIG. 6 is an electron microscope image depicting 
a particle adhered to an element on a substrate. 

[0018] FIG. 7 is an electron microscope image illustrating 
a plurality of particles adhered to elements on a substrate. 

[0019] FIG. 8 is an electron microscope image illustrating 
a plurality of particles separated from the substrate. 

[0020] FIG. 9 is an electron microscope image illustrating 
a plurality of uniformly siZed and shaped particles formed 
through the process of the present invention. 

[0021] FIG. 10 is an electron microscope image illustrat 
ing several particles impacted into a surface as Would be 
achieved in a biolistic particle application. 

[0022] FIG. 11 is an electron microscope image similar to 
FIG. 10 except at greater magni?cation. 

[0023] FIG. 12 is an electron microscope image illustrat 
ing a particle of the present invention pancaked onto a 
surface as Would be experienced in a biolistic particle 
application. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0024] The present invention includes a process for form 
ing micron-siZed particles having a diameter of betWeen 
about 0.1 microns and about 25 microns Which are of 
uniform shape and siZe and Which can be produced in 
relatively large numbers in a single pass through the process. 
It is contemplated by the inventor that particles even as small 
as 0.1 micron may be made With one or more of the methods 
disclosed herein, and in great number. As illustrated in the 
examples given herein, 108x108 particles having substan 
tially the same shape and siZe may be produced all at the 
same time. The particle’s shape may be as shoWn in FIGS. 
1A to C and may include a disk 20, a regular polygon such 
as a hexagon 22, an annulus 24 With a central interior surface 
suitable for receiving and carrying any desired material, a 
double-pointed oblong particle 26, the same double-pointed 
oblong particle as shoWn at 26 except comprising multiple 
layers of dissimilar materials as at 28, and a ?attened 
single-pointed particle 30. The particle shapes and siZes 
20-30 are illustrated herein as examples, but they are not 
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intended to be exhaustive. It is noted that many of the 
particles 22-30 are ?attened although this is not necessarily 
the case. Other particle shapes and siZes may be utiliZed and 
are limited only by the imagination of the designer and the 
physical limitations of the processes used to prepare and 
coat the substrate. 

[0025] In one embodiment, the process of the present 
invention is illustrated in its various steps as shoWn in FIG. 
2A to D. This process, and the other alternative processes, 
are more speci?cally described in the examples given herein. 
HoWever, as an aid in understanding the overall invention, 
these various alternative processes Will noW be generally 
described. Again, With respect to FIG. 2, a substrate is ?rst 
prepared and may consist of a layer of silicon 34 With a layer 
of photoresist 36 applied to a surface thereof. A mask 38 is 
next prepared With a pattern generated by a computer aided 
design (CAD) program. Adata ?le is created for controlling 
an optical pattern generator Which includes parameters for 
de?ning the particle shape, siZe and number. The pattern 
generator uses this ?le in creating an appropriate image for 
exposing the photoresist layer 36. The mask 38 may be a 
piece of glass coated With a thin layer of chromium and 
photosensitive polymer, i.e. photoresist. The mask 38 may 
either be prepared for use With positive photoresist or 
negative photoresist. As shoWn in FIG. 2, a positive pho 
toresist is used so that the particles are formed on elements 
de?ned by surrounding photoresist (liftoff). In experiments, 
the inventor has found a positive photoresist may be desir 
able as it can contribute to greater resolution resulting in 
particles of smaller siZe and sharper edges in shape. After the 
mask 38 is used to expose the photoresist through UV light, 
the substrate Was readied for deposition by developing and 
Washing processes. A layer 40 of particle material Was next 
deposited on the substrate including the portion of substrate 
created as holes in the photoresist 36 on the silicon layer 34. 
These elements 42 form the places at Which the particles 44 
are actually formed. The photoresist 36 is removed from the 
silicon layer 34 by, for example, being soaked in a solvent 
to dissolve the photoresist, and the particles 44 then may be 
separated through further soaking in solvents to dissolve a 
sacri?cial layer (not shoWn) betWeen the particles and the 
silicon layer 34. Thus, in implementation of the process of 
the present invention, a large number of particles of uniform 
shape and siZe are formed on a substrate and separated from 
the substrate, and harvested. 

[0026] There are a variety of Ways to pattern surfaces, and 
(as per this invention) to dislodge particles from them. To 
have a common term for the surface region upon Which the 
particle resides prior to being dislodged, this is de?ned and 
referred to as the “element”. This is not to be confused With 
chemical elements (the atoms). For example, if a pattern is 
created Which has 800,000,000 pillars of 1 micron diameter, 
and the particles are formed on the pillars, then the pillar is 
the element. This can be the situation When a negative 
photoresist is used, or a reverse-image process, as is dis 
cussed in one of the speci?c examples beloW. In contrast, if 
a positive resist is used and developed, the elements Would 
be the patterned substrate regions of the substrate, onto 
Which the photoresist had originally been spun-coat (or in 
the case of imprint lithography, a polymer ?lm is spun-coat 
Which is not necessarily a photoresist). Metal Would be 
deposited, the polymer layer removed, and an array of 
identical particles, each residing on an “element”, Would be 
present. The particles Would then be removed from the 
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substrate (Which can be a sacri?cial layer and for example 
dissolved With a solvent Which does not etch the particles; or 
could be a non-stick surface so that the particles could be 
shaken loose, or pulled off With an adhesive surface such as 
scotch tape). Each “element” is the region beloW the particle 
prior to dislodging. 

[0027] An alternative method may be utiliZed as shoWn in 
FIG. 3. As illustrated in FIG. 3A, an imprinter 46 is used 
With a silicon substrate 48 in this process. As shoWn in FIG. 
3B, a mold release compound is applied to the imprinter 46 
and an adhesion promoter 50 is applied to the silicon 
substrate 48. As shoWn in FIG. 3C, a polymer resin 52 is 
applied over the adhesion promotor 50. The imprinter 46 
may then be heated and used to imprint its pattern into the 
polymer resin 52 as shoWn in FIG. 3D. With some materials, 
heating is not required. As illustrated in FIG. 3E, the mask 
46 is WithdraWn from the substrate leaving behind a pattern 
de?ning elements Which may be further prepared prior to 
deposition of a layer of particle material by plasma cleaning. 
Metal Would then be deposited. At the completion of this 
process, the siZe and shape of the particles has been deter 
mined by the siZe and shape of the elements 51. Again, as 
illustrated in FIG. 3, the elements 51 have been de?ned in 
terms of the border surrounding tit With polymer resin 52. 
This same patterning approach may be utiliZed except that 
the elements are formed at the top of the polymer resin 52. 

[0028] Still another alternative process for forming par 
ticles of the present invention include that Which is disclosed 
in FIG. 4A to D. As shoWn in Figure A, a patterned 
conducting material 56 is applied to a silicon substrate 58. 
The pattern includes a particle-siZed trough 60 Which may 
be formed by any convenient means. A thin layer of sacri 
?cial liner material 62 may be applied to the particle forming 
surface sideWalls such as by electroplating. Aparticle mate 
rial layer 64 may be deposited on top of the sacri?cial layer 
62 such as by electrocoating or electroplating or other 
alternative means. The sacri?cial layer 62 is then dissolved 
or otherWise removed to separate the particle 66 from the 
substrate 56. 

[0029] Still another alternative process is illustrated in 
FIG. 5A to D and includes a silicon substrate 68 having a 
silicon dioxide layer 70 applied thereto With the plurality of 
particle trenches 72 carved therein or otherWise patterned 
therein using any appropriate method such as lithography, 
etc. A non-stick surface 74 may be conveniently applied 
across the entire patterned silicon dioxide layer 70. A layer 
of particle material 76 may be continuously applied and 
retained in the particle trough 72 by any convenient means 
including ?oWing the particle material 76 into the particle 
troughs 72. After the particle 78 has formed, it may be 
separated from the substrate 70 by vibration, centrifuge, or 
any other suitable means. 

[0030] To further illustrate the present invention, the 
inventor has formed particles utiliZing essentially the pro 
cess illustrated in FIG. 2 except that a positive photoresist, 
reverse image process Was utiliZed. An explanation of the 
general methodology and speci?c examples is noW provided 
as an aid to further understand the present invention. 

[0031] The particles of the present invention may be 
fabricated by applying a combination of photolithography, 
metal deposition and etching techniques. Using this 
approach, circular shaped ?at particles (disks) have been 
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prepared of the following materials: Cu, W, and sandwiches 
Cu/Ni/Cu, Si/Au/Si. The process of particle fabrication 
(except W particles) can generally be described in four steps: 

I. Mask preparation 
II. Wafer patterning 
III. Metal deposition 
IV. Lift off 

[0032] Particle fabrication started With a mask Whose 
pattern Was created using computer aided design A 
?le Was created Which controlled the optical pattern genera 
tor. The ?le contained the parameters Which de?ned the 
particle shape, siZe, and number. The pattern generator 
created the appropriate images and exposed the photoresist 
mask. The mask began as a piece of glass coated With a thin 
layer of chromium and photosensitive polymer, that is, 
photoresist. Depending on photoresist type, exposed or 
unexposed areas Were removed using chemical develop 
ment. The developed areas Were removed to expose some 
areas of the chromium. Depending on the particle number 
and con?guration, it Was necessary to fabricate a secondary 
mask. Items such as cost of the mask production and the time 
dictated this step. 

[0033] The next step Was Wafer patterning. Silicon Wafers 
Were coated With photoresist, exposed by UV light through 
the mask, and developed. The procedure of coating Wafers 
With photoresist included cleaning the surface, priming it, 
and spinning photoresist onto it. Depending on the photo 
resist types these prepared Wafers Were baked before or 
(and) after light exposure to evaporate excessive solvent. 
Wafers Were primed by Washing them in acetone and iso 
propanol and applying primer to make their surface hydro 
phobic and prevent moisture from collecting. Photoresist 
Was dripped from a pipet onto the Wafer surface While it Was 
spinning at high speed to spread photoresist over the surface 
(spin coating). The uniformity of the photoresist layer Was 
critical for subsequent photolithography processing. Varia 
tions in photoresist thickness should not exceed 5-10 nm. 
The Wafers Were exposed using a 5->< or 10->< stepper 
Projection Mask Aligner. The image reversal process Was 
used to obtain the negative structure using a positive pho 
toresist. Contrary to negative photoresists, the positive one 
alloWed higher resolution to be achieved (as a result, par 
ticles of smaller siZe and controllable shape Were produced). 
Carboxylic acid Was produced as a result of a light-assisted 
reaction in the photoresist, Which increased the polymer 
solubility by a factor of ten. High temperature treatment in 
an ammonia environment Was used to neutraliZe the car 

boxylic acid in the exposed areas of photoresist, thus making 
them poorly soluble and non-photosensitive. Subsequent 
?ood UV exposure With contact aligner and development 
made the negative image on the Wafer (leaving the initially 
exposed areas). Characterizing the patterned Wafer With 
light and scanning electron microscopes Was necessary to 
correct some stepper parameters like exposure time and 
focus settings, and thus obtaining good settings for these 
parameters. After Washing and drying, the Wafer Was ready 
for the next steps. Fabrication of the particles With sharp 
corners required applying the optical proximity correction 
(OPC) method. This method is based on modifying the mask 
so that a uniform light intensity distribution of the bulk of 
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the photoresist is achieved. By applying the OPC technique 
it should be possible to minimiZe the corner radius doWn to 
100-200 nm on 0.5-1 pm siZe features. 

[0034] Metal deposition Was done With thermal or electron 
beam evaporation, sputtering, or electro-deposition. A vari 
ety of metals Were deposited. The reasons for choosing one 
method or another are described for each case. 

[0035] To lift off the particles the Wafer Was soaked in the 
appropriate organic solvent to remove the photoresist. 
Gentle sonication Was required in some cases. W particles 
are to be lifted off by dissolving an aluminum sacri?cial 
layer in the aluminum etchant. Centrifugation Was used to 
separate the particles from the suspension. 

EXAMPLE 1 

[0036] Disk shaped Cu particles of 1 pm diameter and 200 
nm thickness Were fabricated using photolithography tech 
niques. The mask (Telic Company, California) for the 
desired con?guration Was made in tWo steps. The primary 
mask Was exposed in a GCA PG3600F. Optical Pattern 
Generator. All the CAD Work Was done using a VAX 
station-3100 Cluster for Computer Aided Design running 
the physical layout softWare SYMBAD (Cadence Design 
Systems, Inc., California). After exposure, the mask Was 
developed in developer MF320 (OCG Microelectronic 
Materials, Inc., NeW Jersey). CR-14 Chromium etchant 
(CYANTEK Corporation) Was used to dissolve the part of 
the chromium ?lm not protected With the developed. pho 
toresist. After this step the photoresist Was stripped and the 
mask Was Washed in deioniZed Water and dried in nitrogen. 
The primary mask for square production contains a 100x100 
array of 25 pm squares on 75 pm centers. The secondary 
mask Was made by photo-repeating the primary mask 30><30 
times with 5x reduction. It Was exposed through the primary 
mask With the GCA 6300 DSW Projection Mask Aligner and 
5 x g-line Stepper. The procedure of photoresist development 
and chromium etching is the same as for the primary mask. 
The number of elements on the secondary mask is 9x106. 
Making the secondary mask by repeating the primary one 
alloWed a decrease in the time required for mask preparation 
and reduced the mask cost. 

[0037] As substrates, 4-inch silicon p-type Wafers Were 
used from Silicon Quest International Corp., California. The 
Wafers Were Washed in acetone and isopropanol and then 
dried in nitrogen. Before spin-coating the photoresist the 
Wafer surface Was primed by keeping the Wafers in hexam 
ethyldisilaZane at 90° C. for 30 minutes. The Yield Engi 
neering Systems LP-III Vacuum Oven Was used for this. 
Shipley S1813 photoresist Was spun at 4000 rpm for 30 sec. 
plus 3 sec. for acceleration and deceleration. The spun 
photoresist Was prebaked at 115° C. for 1 minute by placing 
the Wafer onto a hot plate. The photoresist thickness and 
uniformity Was checked by the LeitZ MV-SP Spectropho 
tometer. Wafers Were exposed through the secondary mask 
With UV light using a GCA 6300 DSW Projection Mask 
Aligner, 5>< g-line Stepper. There Were 89 prints made on 
each 4-inch Wafer so that the number of the features on each 
Wafer is 8-108. 

[0038] Immediately after exposure, the Wafers Were 
treated at 90° C. in an ammonia environment (YES oven, 90 
min.). Subsequent ?ood UV exposure for 2 minutes (Karl 
Suss MA6 contact aligner) and development in developer 
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MF32 (OCG Microelectronic Materials, Inc., NeW Jersey) 
Was followed by Washing in deionized Water and drying in 
nitrogen; the Wafers Were ready for metal deposition. A 200 
nm thick layer of copper Was thermally deposited With a 
CHA thermal evaporator. A 5 nm layer of chromium Was 
predeposited for better adhesion. By predepositing after 
forming the elements, the 5 nm layer of chromium ended up 
as part of the particles formed in Examples 1 and 2. The 
chromium could have been deposited directly on the silicon 
Wafer and the polymer spun coat on top of its Which Would 
eliminate the chromium from the particles. 

[0039] To lift off the particles the Wafer Was soaked in 
acetone (100 ml) for 2 hours and then sonicated (95HT 
Tru-SWeep Ultrasonic Cleaner, Crest Ultrasonic Corp, NeW 
Jersey) for 5 seconds. The suspension Was centrifuged (CL 
International Clinical Centrifuge, International Equipment 
CO., Massachusetts) and the acetone Was removed With a 
pipet. The particles Were Washed in ethanol 5 times to 
remove acetone and photoresist residue. 

EXAMPLE 2 

[0040] In a manner similar to example 1, Cu/Ni/Cu disks 
Were fabricated. The diameter of the particles Was 1 pm, the 
thickness of the metal layers Were 100 nm of Cu, 100 nm of 
Ni and 100 nm of Cu. 

EXAMPLE 3 

[0041] In a manner similar to example 2 (With no chro 
mium predeposited), Si/Au/Si disks Were made. Silicon and 
gold layers Were deposited by electron beam evaporation in 
the CVC SC4500 combination thermal/e-gun evaporation 
system. The diameter of the particles Was 1 pm, the thick 
ness of the layers Were 20 nm of Si, 150 nm of Au and 20 
nm of Si. 

EXAMPLE 4 

[0042] A mask for W disk fabrication Was made in a 
manner similar to example 1. Due to the high temperature 
and the very sloW rate of tungsten deposition in the system 
used, it Was dif?cult to thermally deposit thick (>50 nm) 
layers onto a patterned Wafer Without damaging the photo 
resist. The folloWing technique Was used. A 200 nm layer of 
W Was deposited by sputtering (CVC Sputter Deposition 
System) on the top of an Al “sacri?cial” layer. 20 nm of Ta 
Was predeposited onto the Si surface for better adhesion. The 
Wafers Were then primed by exposing them to hexamethyl 
disilaZane in the YES oven at 90° C. for 30 minutes. 

[0043] The photoresist Was deposited and developed as 
before but the photoresist pattern on the top of the W layer 
Was noW used as a protective mask for etching off some of 
the surrounding W. To obtain sharp pro?les reactive ion 
etching in a CF4 plasma (RIE System, Applied Materials, 
California) Was used. To lift off the particles, the Al “sac 
ri?cial” layer Was dissolved in the aluminum etchant. Par 
ticles Were centrifuged and Washed in Water. 

EXAMPLE 5 

[0044] Ellipse-shaped ?at W particles (ratio of diagonal 
axes 2 pm/l pm) and 200 nm thickness Were fabricated. 

[0045] The neW mask Was made in the same Way as in the 
example 4, except the mask Was prepared by 10>< stepping. 
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The procedures of metal deposition, Wafer Washing and 
particle lift off are similar to those described in example 4. 
The primary mask contained a 100x100 array of rhombus 
With the diagonal axis ratio 50 pm/100 pm With 100 pm 
spacing betWeen them. The secondary mask Was made by 
repeating the primary mask 10><10 times With 5x reduction. 
It Was exposed through the primary mask With the GCA 630 
DSW Projection Mask Aligner, 5x g-line Stepper. The 
number of elements on the secondary mask is 106. Photo 
resist OIR 643 Was spun at 4000 rpm for 30 sec. plus 3 sec. 
for acceleration and deceleration. The spun-coated photore 
sist Was prebaked at 90° C. for 1 minute by placing the Wafer 
onto the hot plate. Wafers Were exposed through the sec 
ondary mask With UV light using GCA 6300 DSW Projec 
tion Mask Aligner, 10>< i-line Stepper. 169 prints Were made 
on each 4-inch Wafer so that the number of the features on 
the Wafer Was 1.69108. After exposing, the Wafers Were 
baked at 115° C. for 1.5 min. on the hot plate. Developer 
MF4262 (OCG Microelectronic Materials, Inc., NeW Jersey) 
Was used to develop the photoresist. 

[0046] Particles made by the inventor in utiliZing the 
processes as described in the examples are illustrated in 
FIGS. 6 to 12. 

[0047] FIG. 6 illustrates particle 80 formed atop a pillar 
82 of photoresist prior to its separation from the underlying 
substrate 84. 

[0048] FIG. 7 illustrates a plurality of particles 80 secured 
by pillars 82 to the underlying substrate 84. 

[0049] FIG. 8 illustrates a plurality of uniformly siZed and 
shaped particles 80 after separation from the pillars 82. 

[0050] As shoWn in FIG. 9, the particles 80 have a de?nite 
disklike shape and are seen to be uniformly siZed and 
shaped. 

[0051] As illustrated in FIG. 10, the particles 80 are 
conveniently shaped for acceleration and impact into a 
surface 86 Which illustrates their desirability for biolistic 
applications. 

[0052] FIG. 11 illustrates a magni?ed vieW of a particle 80 
Which has been propelled into a surface 86. While the 
particles 80 may impact a surface 86 on edge so as to lodge 
therein, as illustrated in FIGS. 10 and 11, the particles 80 
may also “pancake” on the surface 86 as illustrated in FIG. 
12. 

[0053] The inventor’s description of the preferred embodi 
ment, including the various alternative processes for pro 
ducing submicron particles, and the particles themselves, 
have been given to illustrate the various aspects of the 
invention. One of ordinary skill in the art Would understand 
that these processes are amenable for use With various kinds 
of materials. For example, the material Which comprises the 
particles themselves Would be any materials amenable to a 
deposition process. This includes many different kinds of 
metals, insulators, semiconductors, ceramics, and glasses, 
essentially including any that can be deposited by thermal 
and electron-beam evaporation, by electrochemical deposi 
tion methods (electroplating, electroless deposition), by 
laser ablation and sputtering of material to be deposited, and 
any other technique that alloWs for material deposition on a 
surface. The processes disclosed in the preferred embodi 
ments also utiliZe a lithographic process for preparing the 
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substrate. The inventor has used this lithographic process, 
i.e. photolithographic process, to actually prepare a silicon 
Wafer substrate With a layer of photoresist thereon in making 
submicron siZed particles. HoWever, it should be understood 
that the substrate surface may be prepared utilizing any other 
suitable process in order to de?ne a pattern on Which 
particles can be made, and then removed from, the substrate. 
For example, With imprint lithography the polymer does not 
have to be a photoresist, it can simply be a polymer Which 
imprints Well. Or, the patterned surface may have insulating 
silicon dioxide regions Which de?ne (through the patterning) 
conducting regions on a substrate; certain materials could be 
electroplated onto these conducting regions, and then 
removed (for example by scotch tape for particles deposited 
on a relatively non-stick surface). 

[0054] In still another aspect of the invention, the formed 
particles are separated from the substrate. Various processes 
are disclosed herein to achieve that separation. HoWever, 
any suitable methodology for separating the particles from 
the substrate may be used as the invention should not be 
vieWed as being limited to the particular methods disclosed, 
including vibrating, pulling them off With an adhesive sur 
face such as tape, removal by dissolution of an underlying 
sacri?cial layer, centrifuging, sonicating, etc. In still another 
aspect of the invention, various shapes and siZes of particles 
are disclosed. The shapes and siZes of particles Which may 
be made using the inventor’s process are virtually in?nite. 
Therefore, the invention is not limited to any particular siZe 
or shape, or range of siZe and shape particle. In still another 
aspect of the invention, and as explained above in the 
examples given and description of the preferred embodi 
ment, a single harvest of particles produces a plurality of 
particles of uniform siZe and shape. HoWever, as one of 
ordinary skill in the art Would understand, the siZe and shape 
of the particles is determined by the preparation of the 
substrate surface. For example, using the photolithographic 
mask disclosed herein, the inventor found it convenient to 
utiliZe techniques Which resulted in a single particle shape 
and siZe being chosen and prepared during any particular 
pass through the process. One of ordinary skill in the art 
Would readily understand and appreciate that the invention 
is broad enough to encompass the preparation of a photo 
lithographic mask having a Wide range and array of particle 
shapes and siZes Which may be produced during the same 
pass of the process. Indeed, for some applications, it may be 
desirable to have particles of varying dimension and shape 
in the same “harvested” plurality of particles. Using the 
inventions disclosed herein, one Will be able to produce this 
varied collection of particles by predetermining their shape 
and siZe. These advantages and features of the invention are 
taught herein and should be considered as part of the 
invention. 

[0055] The foregoing examples are not meant to be 
exhaustive and instead are meant to be illustrative of the 
scope and content of the invention. On further thought, one 
of ordinary skill in the art Would readily understand and 
appreciate that the teaching of the speci?cation is broader 
than that Which is contained in the description of the 
preferred embodiment and examples given. Therefore, the 
scope of the invention should be limited only by the scope 
of the claims appended hereto, and their equivalents. 
What is claimed is: 

1. An array comprised of a plurality of discrete particles 
on a substrate, said particles being separable from said 
substrate and betWeen about 0.1 microns and about 25 
microns in Width 
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2. The array of claim 1 Wherein said particles are sub 
stantially uniformly siZed and substantially uniformly 
shaped. 

3. The array of claim 2 Wherein the particles are separable 
from said substrate by removing that portion of said sub 
strate Which attaches each of said particles to said substrate. 

4. The array of claim 3 Wherein said removable portion of 
said substrate is removable by dissolving said substrate. 

5. The array of claim 2 Wherein the particles are separable 
from said substrate by vibration. 

6. The array of claim 2 Wherein the particles are separable 
from said substrate by mechanically separating said particles 
from the portion of substrate Which attaches each of said 
particles to said substrate. 

7. The array of claim 2 Wherein said particles comprise at 
least one deposited layer of a desired particle forming 
substance on said substrate. 

8. The array of claim 2 Wherein said substrate is multi 
level, With the particles being formed on only one of the 
levels of said multi-level substrate. 

9. The array of claim 8 Wherein said particles are formed 
on a top level of said substrate. 

10. The array of claim 8 Wherein said particles are formed 
on a level of said substrate beloW a top level of said 
substrate. 

11. The array of claim 2 Wherein said particles are 
comprised of a plurality of layers of different materials. 

12. The array of claim 2 Wherein said particles are 
comprised of one or more materials chosen from the group: 

metals, insulators, semiconductors, ceramics, and glasses. 
13. The array of claim 11 Wherein each of said layers is 

a deposited layer of material. 
14. The array of claim 2 Wherein each of said particles is 

magnetiZable. 
15. The array of claim 2 Wherein each of said particles is 

magnetiZed. 
16. The array of claim 2 Wherein each of said particles is 

disk-shaped. 
17. The array of claim 2 Wherein each of said particles has 

an internal surface area When separated from said substrate. 
18. The array of claim 17 Wherein said internal surface 

area comprises a generally circular opening in said particle. 
19. The array of claim 2 Wherein said particles are 

substantially uniformly spaced across a surface of the array. 
20. The array of claim 19 Wherein said substrate com 

prises a Wafer, said Wafer including a layer of resist, said 
particles being layered on top of said resist layer. 

21. The array of claim 20 Wherein said layer of resist 
comprises a plurality of separated elements each of said 
elements being of a siZe and shape as desired for each of the 
particles. 

22. The array of claim 21 Wherein said elements are the 
residue from a lithographic process. 

23. The array of claim 22 Wherein said elements are the 
residue from a photolithographic process. 

24. The array of claim 23 Wherein said elements are 
soluble in solutions for Which the particles are non-soluble 
so that the particles are thereby separable from said sub 
strate. 

25. A silicon Wafer substrate includes a layer of photore 
sist residue comprised of a plurality of substantially uni 
formly siZed, substantially uniformly shaped elements 
spaced substantially uniformly across at least a portion of a 
surface of the substrate, each of said elements having a 
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particle layered on top thereof, and said photoresist being 
soluble in solutions for Which the particles are non-soluble 
so that the particles are thereby separable from said substrate 
by immersion in a solution. 

26. The silicon Wafer of claim 25 Wherein said particles 
are multi-layered With different layers of dissimilar depos 
ited material forming said layers. 

27. The silicon Wafer of claim 26 Wherein the particles are 
betWeen about 0.1 microns and about 25 microns in Width. 

28. A silicon Wafer substrate includes a layer of photore 
sist residue comprised of a pattern de?ning a plurality of 
substantially uniformly siZed, substantially uniformly 
shaped elements spaced substantially uniformly across at 
least a portion of a surface of the substrate, each of said 
elements having a particle layered on top thereof, and said 
photoresist being soluble in solutions for Which the particles 
are non-soluble so that the pattern is thereby separable from 
said substrate by immersion in a solution, leaving the 
particles in place on said elements. 

29. The silicon Wafer substrate of claim 28 Wherein the 
particles are betWeen about 0.1 microns and about 25 
microns in Width. 

30. The silicon Wafer substrate of claim 29 Wherein said 
particles are multi-layered With different layers of dissimilar 
deposited material forming said layers. 

31. A silicon Wafer substrate includes a sacri?cial layer of 
a ?rst material upon Which is deposited a layer of particle 
material, the particle material layer having a layer of pho 
toresist residue comprised of a plurality of substantially 
uniformly siZed, uniformly shaped elements spaced substan 
tially uniformly across at least a portion of a surface of the 
substrate to protect a similarly siZed and shaped particle 
thereunder during an etching process Which removes the 
surrounding portion of particle layer to thereby form a 
plurality of particles on said substrate, said particles being 
separable from said substrate by dissolving the sacri?cial 
layer. 

32. The silicon Wafer substrate of claim 31 Wherein the 
particles are betWeen about 0.1 microns and about 25 
microns in Width. 

33. The silicon Wafer substrate of claim 32 Wherein said 
particles are multi-layered With different layers of dissimilar 
deposited material forming said layers. 

34. A method for forming a plurality of particles having 
a predetermined shape and a siZe betWeen about 0.1 microns 
and about 25 microns, said method comprising the steps of: 

a. preparing a substrate, 

b. depositing at least one layer of a particle material on 
said substrate, and 

c. separating the particles from said substrate. 
35. The method of claim 34 Wherein the step of preparing 

the substrate includes the step of patterning the substrate 
With a lithographic process. 

36. The method of claim 35 Wherein the step of depositing 
the particle layer material includes the step of metal depo 
sition. 

37. The method of claim 36 Wherein the step of preparing 
the substrate includes the step of patterning a Wafer. 

38. The method of claim 37 Wherein the step of patterning 
the Wafer includes the steps of applying a layer of photore 
sist to a base, and processing the photoresist to create a 
pattern on said base to de?ne the surfaces for receiving the 
deposited layer of particle material. 
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39. The method of claim 38 Wherein the step of processing 
the photoresist includes the steps of preparing a mask and 
eXposing the layer of photoresist through the mask. 

40. The method of claim 39 Wherein the step of separating 
the particles includes the step of dissolving the photoresist 
Which attaches the particles to the base. 

41. The method of claim 40 Wherein the step of separating 
the particles includes the step of vibrating the Wafer. 

42. The method of claim 39 Wherein the step of separating 
the particles includes the step of vibrating the Wafer. 

43. The method of claim 39 Wherein the step of preparing 
a mask includes the step of preparing a mask Which creates 
a pattern of pillars of photoresist Which de?ne the siZe and 
shape of the particles. 

44. The method of claim 39 Wherein the step of preparing 
a mask includes the step of preparing a mask Which creates 
a pattern of photoresist that de?nes a plurality of spaces in 
said photoresist Which de?ne the siZe and shape of the 
particles. 

45. A method for making a plurality of particles, each of 
said particles having a predetermined siZe betWeen about 0.1 
microns and about 25 microns, and a predetermined shape, 
and said particles being substantially uniformly siZed and 
substantially uniformly shaped, the method comprising the 
steps of: preparing a substrate comprising a base With a layer 
of photoresist thereon, said photoresist being patterned to 
form a plurality of elements Which de?ne the siZe and shape 
of the particles, depositing at least one layer of particle 
material on said substrate, said elements receiving said 
particle material to thereby form said particles, and remov 
ing said particles from said substrate. 

46. The method of claim 45 Wherein said photoresist 
forms the elements and the particle material is deposited 
thereon to form said particles. 

47. The method of claim 45 Wherein said photoresist 
surrounds and de?nes said elements and the particle material 
is deposited on said base. 

48. A method for making a plurality of particles, each of 
said particles having a predetermined siZe betWeen about 0.1 
microns and about 25 microns, and a predetermined shape, 
and said particles being substantially uniformly siZed and 
substantially uniformly shaped, the method comprising the 
steps of: preparing a substrate comprising a base, depositing 
a sacri?cial layer on said base, depositing at least one layer 
of particle material on said substrate, depositing a layer of 
photoresist on said layer of particle material, said photoresist 
being patterned to form a plurality of elements Which de?ne 
the siZe and shape of the particles, removing the particle 
layer surrounding the pattern of photoresist to thereby form 
the particles under the remaining photoresist, and removing 
said particles from said substrate. 

49. The method of claim 48 Wherein the step of removing 
the particles includes the step of dissolving the sacri?cial 
layer. 

50. The method of claim 49 Wherein the step of removing 
the particle layer surrounding the pattern of photoresist 
includes the step of etching the eXposed particle layer. 

51. The method of claim 50 Wherein the step of removing 
the particles includes the step of vibrating the substrate. 

52. An array comprised of a plurality of discrete particles 
on a substrate, said particles being betWeen about 0.01 
microns and about 0.1 microns in Width. 




