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(57) Abstract: A method of separating material includes providing a mixture
of a first material, such as a semiconductor, and a second material, such as an
insulator or a different semiconductor. The mixture can be irradiated using a
light source at a wavelength that causes the first material's conductivity to in-
crease while leaving the second material's conductivity (substantially) un-
changed. Placing the mixture in contact with a ground electrode discharges
the first material but not the second material due the difference in their con-
ductivities. Applying an electric field to the discharged mixture separates the
discharged first material from the second material.
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RADIATION ASSISTED ELECTROSTATIC SEPARATION OF
SEMICONDUCTOR MATERIALS

BACKGROUND

{0001]  The following description is provided to assist the understanding of the

reader. None of the information provided or references cited is admitted to be prior

{60821 Electronic waste contam large amounts of valuable materials, For
example, used computer chips can contain gold, stiver, other metals, and other
purified materials. As raw materials become more expensive, recyeling used

materials become economicaily feasible, For instance, there are multiple industries

5

built around recyeling steel, aluminum, paper, copper, and glass,

{8083]  Hlectronic waste can also represent an environmental challenge.
increasingly, clectronic waste ends up in landfills where the nmaterials of the
clectrouic waste can enter groundwater where the materials could constitate a public
health hazard.

{084]  The economics of recycling can b in large part based upon the ability to
suceessiully and efz‘.‘@cﬁwﬁiy separate input waste, Further, the punity of the
separated waste components can determine whether i 1 possibie and cost effective
to process the waste components inio new products. Theve are miany tools that can
b used to soparate materials for recycling. Some recycling tools take advantage of
differences of either the chemical or physical properties of the components in
clectronic waste. For example, some of these physical and chemical properties
include solubility in a polar or non~polar solvent, density, electrowinning, magustic

properiies, elecirical condoctivity, and triboelectyic effect.
SUMMARY

[6088]  Hiostrative methods of and apparatus for separating material include

nradiating & mixture of & first materigl, such as a semicondoctor material, and a
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difference in conductanece hetween the first material and the second material, In
some example, uradiation causes the conductance of the Orst material to be greater
W

than that of the second material, Applving an eleciric field to the frradiated mixty

the frat materis] tosevarate frow

3

with a pair of clectrodes causes gt least some of
thes Qs e ~ i 5
the second material due o the differe conduciance.
{00861 In some cases, the Hrst material 18 & semiconductor matevial, such ¢

germaniom, silicon germanium, copper indinm diselenide, silicon, copper indium

gatiium disclenide, mdium phosphide, pallium arsenide, cadmivm telluride, copper

also be a semivonductor matorial (different than the Hrst materialy, The frsy and
seeond materials are ground or erushed into particles whose average size ranges

>

from about 100 pnt to aboul § mm, Average particls volumes may range from about.

0.5 ni toabout 8.3 ml

W7} The source used 1o wradiate the mixture may melude an infrared Hght sousrce
andfor a near-infrared Bght source that omits Hght at a wavelength within a range of

&

about 730 nm to about 1860 am. The source can be narrowband souree {e.3.,

;
s>

<

ora filtered broadband source {e.g., an arc lamp with a notch or bandpass filter). In
some smbodiments, the wavelength corresponds to an energy that i {a) |
a band gap energy of the fivst matenial and (b) less thian a band gep energy of the

second masterial,

{B808] The clectrodes, one of which can be a ground clectrode, can be operably

coupled to @ power supply that gensrates a peizmﬁ&i difference between the
clectrodes within & range of about 10 ¥V {o about 30 kY. 1n sonie cases, the ground

electrode includes a roll oyiinder configured to move the matertal into the electric

v

s

fald, Additiona] examples includes an ammeter that measures current Bow fom the

£

Y

£

ground electrode to ground. A coutrolier operably conpled (o the ammaeter
determines the portion of the first material exeited by the elecinic field based on the
curvent and adjusts the powesr supply and the roll cylinder spued accordingly

10008 Further examples may melnde a vibratory feeder that foeds the mixture onto

a conveyor, which moves the mixture past the souree and/or a container configured

to vegeive the separated material,

o
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he foregoing summary 1s tlustrative only and 15 not intended to be in any
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8

way imiting. In addition (o the Hustrative aspects, emboditnents, and features

P

deseribed above, further aspects, embodiments, and features will become apparent
by reference to the following drawings and the detailed description.

f801Y]  The foregoing and other features of the present disclosure will hecome

\

more fuily apparent frow the following description and apponded claims, taken in

¥

o

conjunction with the accompanying drawings., Understanding that these drawings

% b

depict only several embodiments in aceovdance with the disclosure and ave,

therefore, not o be considered lamiting of its scope, the disclosure will be deseribed
with additional specificity snd detail through wse of the accompanying drawings.

- ison schemetic of an electroststic material separation device iIn

o
[
S
P
e
‘hlﬂ

orrk

TS
ask
el
Vi

sccordance with an tlosirative embodiment,
3L FIG 215 a How disgram ilusirating clectrostatic material separation

operatiens performed in aceordanes with an iHustrative embodiment,

{90147 In the following detailed description, reference is made fo the
sccomphnying drawings, which form a part heveof. o the drawings, similar symbols

typically identify simlar conmponents, unless context dictates othurwise, The
itustrative embodiments deseribed in the detailed description, drawiigs, and claims

are not meant to be limitling. Other embodnnenis may be otihized, and other changes

may be made, without depariing from the spirit or svope of the subject matter
presented here. I0will be readily understood that the aspects of the present

J

disclosure, as generally desertbed herein, and flustrated w the higuves, canbe

ined, and designed in a wide variety of different

o
[
vl
e
[
[
)
5
4
3
3
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o
o
o
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o
e
=
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P
B
s
[
‘.’.3
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configorations, all of which are expliciily contemnplated and make part of this
disclosure.

FO8IS]  Desertbed herem are Hlustrative gystems, methods, computer-readable
media, ete. for radistion assisied electrostatic separation of semiconductor materials.

Radiation assisted electrostatic separation {(RAES) can be usoed to separate a

¥

LS
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powdered mixture of differunt semivonductor materials or a mixture of
semiconductor and nop-semiconductor materials, Exposure to radiation of higher
sthan the semicondustor’s band gap causes the resistivity of the particles o
decrease. In some examplus, the resistivity can decrease several ovdors of
magnitude. For example, o separate semiconductor particles of ditferent band gap
energies, the radistion energy can be sot above the band gap of one semiconductor
matenial, but below the energy of snother semiconductor material, An elecirostatic

separator optimized 1o sort materials of different conductivities can be used o

sepavate the mixture, Advantageously, radistion assisted electrostatic separasion can

o

emented, and effective at separating materials of

=

be dry, inexpensive, casily apl
difterent band gap energies. Advantageously, radigtion assisted clectrostativ

inaterial separation can be used to separvate semiconductor miaterials without wet

§;€§{}E§§§ Insulators and semiconducior materials have a band gap, which rsfers o
the energy difference between the top of the valence band and the battom of the
conduction band of the material. The band gap determines the wavelength where
radsation 18 absorbed by a somiconducior matarial, At wavelengths of higher energy

e, shorter wavelengths) than the band gap, absorption ccours and electrons are

s
’3"2

exeited from the valence band to {he conduction band. In this process, the

conductivily of the material increases, & phenomenosn known as photoconductivity,

The conductivity of & matorial can change four orders of magnitude when exposed to

=

4 . N
}

high intensity radistion above the baxd gap energy. However, below the hanc

P

peg

gAY

o)

energy, there is no change (v conductivity. By seiting the wavelength delivered by ¢

tight souree, the conductivity of different types of semiconductor matenals can be
odified

1, a schematic of an electrostatic material separation
device 100 o accordance with an illustrative catbodiment 18 shown, The

et adatie 1y ¢ "‘"1 Iy o d , S(\{; 3 ot +, aef g 2 (\ o
clectrostatic material separation device 100 can melude a vibratory foeder ]
conveyor 130, g light source 140, & filter 150, g first electrode 168, a sccond
electrode 170, a bin 189, a controller 184G, and an enclosure 195, The controller 194

can contral the vibratory foeder 120, the conveyor 130, the Heht source 140, the first

4.
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e

> 170, and the enclosure 193 1o clectrostatically
sepavate material.

{0018]  The vibratory feoder 120 can be loaded with a mibxture 117, which may

et

inciude powdered material{s) andior particnlate material{s). The mixture 117 can be

ek

obtained 1o many poessible ways. In one Hlusirative embodiment, the mixture 11

.

¢ sernconductor packages using clectrostatic

@y
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can be separated from g
Separators, triboglectrio separators, or density separators. In another ilustrative
embodiment, the saixtre 117 can be thin {ilim photovoltaie material seraped or
brushed from a substrate. In another ilastrative embodimens, the mixture 117 can

be brushed or seraped off of semiconductor process equipment during cleaning {e.g.,

?\.{E{f}(_‘.‘\«’i}j MBE, OV, and evaporation eguipmient). In another Hlustrative

44
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{7 can be ground up roject walers, reject die, dicing edge
waste, and/or dicing saw dust. In another Hlustrative embodiment, the mixture 117
can be precipiiate from an ctching or procssaing selution {e.g., KOM eteh).

I0018Y  In an iHustrative embodiment, the mixture 117 can inclode o first material

and a second miaterial. The mixture 117 wan include ground, chopped, pulverized

and/or broken picces of, for example, but not Hmited to, circuit boards, wafers, and
packaged micgrated eircuits. The mixture 117 can inchude pleces (fie., particles)

o about 8.3 mi; insome

g
=
e
4
et
'\.»./
LA
)
Vo
m

with an average volume that that ranges from abos
embodiments the average particle volume is about 1.0 0, 2.0 6, 5.0 s8], Hinl or any

other volume Between 0.5 plio 0.3 ml The average particle diameter {or largest

30, DO mm, 2.0 mim, or any other diameter between

about 100 pm and about 8.0 mm. Optimal separation may occor when the particles

arc of simiar {though not nocessarily uniform) size. In addition, the separator 100
operaiing parameters, such a8 clectrode voltage and gonveyor speed, may be

optintized for the average particie size and/or range of particle sizes in the mixture
117, For example, separvating a mixture 117 of smaller panticles may roquire lower
voltages and 4 steeper drop on the electrode.

W28 1o one erobodiment, the fivst matenial includes a semiconductor material
and the second material can be, for example, but not lmited o, an insulator-type

s b

material such as glass, glass reinforced thermoplastic (e, Durod TM),
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thermoplastic, glass veintorced epoxy {(e.g., FR4), th
passivation. In other embodiments, the first and second materials include different
semiconductor materials, The first semiconductor material and the second
semiconductor materist can be, for example, but not Hnted o, at least one of

germanibm, stlicon germeaniom, copper indium discd n'clfe., siitcon, copper indinm

$621]  The vibratory foeder 120, which can be, for example, but not Hmited to a
b or plate vibrated by a Kendrion SR1010004 oscillating solencid available from
Kendrion NV, Netherlands, can meter and distribute the mixtwre 117 onto the
conveyor 136, In an tlustrative ombodiment, the conveyor 130 can be made of a

stgindess sieel or aluminum plate {also vibrated

5,
od
ol
s
Py

e
b
g
-.,J
)

..u
i

conductor such as, but not

by a Kemlrion SRIGT0004 oscillating solenoid available from Kendrion WOV,

o~

Netherlands}, The conveyer 130 can be maintained at a high voltage, for example,
2

bat not limited to, about 19V 1o about 30 &V, Specific examples of voltages include
about 1V, about 100V, about T kY, abouwt 5 kV, shout 10 kWY, abou 20 kV, ghouy
3 XV, and ranges bevween any two of these values, The controtler 190 can control

the vollage of the conveyor 138, As the maxture 117 travels down the conveyor 134,

the particles of the mixture 117 can piek op charge through contact with the
gomvever 135, In another lustrative embodiment, the conveyor 130 can be made of
a disleciric material such ax, but not lmited to, plastic or glass, As the mixture 117

travels down the conveyor 130, the particles of the mixture 117 gan pick up charge
through the iboelsotric effect

221 As themuture 117 travels down the conveyor 1340, the particles of the

or a Yiltered source. The Heght source 140 can have a peak output wavelength of, for

example, but not limited to, at least one of 730 nmy, 752 nim, 862 nm, 86K amy, 919

am, 08 nm, 1217 o, and 1853 nim. The Heht sooree 140 can have an oglput

wavelength range of, for example, but not limited o, about 730 nm to zbout 1866

amn. The wavelengih of the Reht source 140 can be seleoted such that the energy of
the wavelength of the Hght source 140 ts greater than a band gap energy of the firs
"o

L)



WO 2012/128745 PCT/US2011/029064

sentconducior material of the mixture 117 and less than a band gap energy of the

i3

second material of the mixtare 117, The Hght sowrce 140 can be, for exampie, but is
not Hmitted to, a mercury lamp, & tongsten lamp, an ultraviclet lamp, an infrared

famgp, o near-intrared lamip, a light emitting dicde, or g faser. The Heht source 140

faey

cant be, for example, a Newport Corp. 66924 arc famp source available from

=

Newport Corp,, Irvige, CA, which is ¢ 1000 W broadband Hght source (2062500

tor holder,

roa
5
s
R
o
ket
it
el
[
553
4
ri
ot

160231 In another lustrative cmbodiment, the light source 144
150, The filter 15 can be a cutoff filter, a bandpass filier, or a series of cutoff

50 can have a peak pass-through wavelength of, for example, g
a0 Hinvdted 1o, gt least one of 730 nm, 752 sun, 862 my, 868w, 919w, 1308 am,
1217 naw, and 1853 nm. The filtor 150 can have a pass-through wavelength range

)

of, for example, bt not Hauted to, about 730 am to about 1860 nm. The filter 159
can be, for example, a filter from the Newport Corp, FS-RWF-B filter set available
from Newpert Corp,, vine, CA, which 18 a set of ten s u,‘?;--pass filters with various
cutotls up to 1000nm, The wavelength of the filter 158 can boe selected such that the

3

onergy of the pass-throogh wavelength of the filter 150 18 greater than a band gap

enerey of the first semiconductor material ofthe mixture 117 and less than & band

gap energy of the second matorial of the mixture 117, Using a Ghter can allow for

;

er ransonitance profiles anddor a wider variety of Hght sources.

¥

10024]  As discussed above, the energy of the wavelength of the hight source 140 or

3 1 £ a S . o o P
an be selected such that the energy of the wavelength of the hght

0

source L4 is preater than 2 band gap cnergy of the first materia! of the mixture 117
and less than a band pap energy of the second material of the mixture 117, The

following hist provides examples of semiconductors and their band gaps {eViand g

corresponding wavelength (nmy: gepmaniam, Oe, 8.67 ¢V, 1853 mm; stlicon

germaniuny, SnGe 0.67-1.12 oV, 11081853 amy copper indium diselenide,
CulnSe? (I8}, LOZ oV, 1217 nmy; siheon, St {orystalline}, 112 oV, 1108 nmy
copper mdium gatlium diselenide, Cu{in,Gaile?, 1.04-1.67 oV, 743-1193 nay

mdium phosphide, InP, 1.35 oV, 819 nny gallium arsemide, GaAs, 1.42 oV, 868 nmy

e ¥
e

cadmivm telluride, CdTe, 1.44 ¢V, 862 nuny copper gallium discicende, ColaSel,
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Pl

B027]  As the mixture 117 s exposed to radiation from lght source 140, st feast

Lis]

one type of the pam{:k:s of the mixture 117 become more conductive and at least one

Y -
Fi
!

type of the particles of the mixture 117 maintain their conductivity, In an ithustrative
cmbodiment, where the mixture 117 includes the first and second materials, the Srst

material becomes more conductive whereas the second material substant tiatly or

material, the first semiconductor material becomes more conductive whereas the
second semiconductor material substantially or fully maintains its conduetivity,

{08281

N

e conveyor 3 can transtor the muxture 117 o the first electrode 1640,

'The first clectrode 160 can be configured as s discharge apparatus. The fiest
clectrode 160 ean be positioned on an incline such that the mixture 117 traverses the

length of the first e G0, Inan Hlustrative embodiment, the first electrode

E66 can be grounded. When the miixture 117 comes in contact with the first

clectrode 160, the particles of the mixture 117 that are more conductive will

o

discharge faster than the ¢, if the first

material is more condnetive than the second material after exposure to the light

source 1406, the first material will discharge faster than the sevond matertal. Thus,

by

placing the mixtare 117 on the fivst cluetrode 160 causes the second material to be

-

charged relative to the discharged first matortal. Where the mixiure 117 inchdes the
first and second samiconductor matenial, and the frst somiconductor material is
more conductive than the second semiconductor material after exposure to the Heht
source 4G, the first semyiconductor material discharges fastor than the second
sericonductor material, Thus, the second semiconductor material 1s charged

~
o}

o the first semiconductor material which has been substantially or fully

o
o)
2
Z
o
,J
5
wa-
o

discharged. The first electrade 160 can be siationary or moving {e.g., on a vibvating

Faad

or rotating drum, roll ovlinder, or belt). In some cases, the Grst electrade 160 may

form part of or include a vibrating drov, rolling drum, roll cylinder, belt, ar other

component suitable for moving the oaxture 117,

{0291 The seeond electrede 170 can be positioned across from the first clectrode
168 such that the fisst cloctrode 160 and the second elecirode 178 form a channel,

The second electrode 170 can include a mesh section configured to allow light fom

G
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the light source 140 to pass thvough, The second cluctrode 170 can be any shape, for
example, but not Emited to cih;issc, g curved sheet, ora plane. The second

~ -

slectrade 168, Thus, an electric field can be generated between the first electrode
160 and the second electrade 170, As the muivture 117 traverses the lensth of the

.

first electrode 160, the charged particles of the mixture 117 are attracted to the st

clectrode 180, which is at ground or slightly positive or negative, The discharged

-y
Fi
H

pdmd es of the mixture 117 are aftracted to the second electrode 170, which is at
» high, pesitive potential relative o the first elecirade 160, For
example, the fivst material of the mixtore 117 has no or minimal charge and can be

3

drawn towards the sccond olectrode 170 whigh is at & relatively high, positive

potential. The second material of the mixture 117 stay by the §rst electrode 160 and
are not be drawn 1o the second electrade 1700 As gravity acts on the mixture 117,

fhe first and second materiels follow different trajeciories due to the SHTerence in

7o
i

180, The first material of the mixture 117 can generally follow a second trajsclory

185 into a second section 134 of the bin 180, Advantagenusly, the first and seoond

materialy of the mixture 117

o
[¢]
5l
o
)
(9]
=
o

g
P
ved
[os
o

really separated withowt chemigals, hig
temperatures, or without getting the mixture 117 wel. In other embodiments, the
fivst material and the second material can be separated by selecting a light source
140 and/or fitter 150 such that the cnergy of the wavelength of the Hght souree 140

and/or filter 150 18 greater than a band gap cnergy of the first material of the mixture

o D

7 and less than a band gag energy of the second semiconductor of the mixture
117

10638 The vibratory feeder 120, the conveyor 130, the light sourze 144, the filier
154, the first electrode 160, the second electrade 170, and the bin 1R optionslly can
be contained in an enclosure 195, The enclosure 195 can be configured to reguiate
the atmosphere w which the light source 140 rradiates the mixtare 117, Inone
ilustrative embodiment, the enclosure 195 can be fitled wish dry nitrogen pas, In
ather iHustrative embodiments, the enclosure 195 can be under vacuun or be filled

3

with an inert gas such as argon. Advantageously, enclosurs 193 van provent fonized
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)

tower the operating vnimges of electrode ﬂa;a»

y«-

{3Y] As discussed above, the contrafier 190 van control the vibratory feeder 170,

the conveyor 134, the hight source 140, the first electrade 160, the second electrode
170, and the enclosure 195 The controlier 190 can adjust the speed of the vibratory

feeder 1290 i order to meter the amount of the mixiure 117 on the conveyor 130 and
the fivst electrode 160, The controlier 194 can also adinst the voltages of the
conveyor 130, the first elecirode 168, and the second electrode 170, The controller

190 can adjust the voltage of the conveyor 130 by controlling a Srst power supply

193, The vountroller 190 can adjust the voltage of the scvond electrode 170 by

contrelling a second power supply 1910 The {iest power supply 193 and the second

power supply 191 can be, for example, an EQ Series Bench Top High Voltage

K

Power Supply avaiable from Matsusada Provision, Ine., Kusatsu-City, Shiga, Sapan,

2l

ichisa 030V, 30 W power supply. In an alternative embodiment, the controller

194 can adjust the veltage of the first electrode 160 by cont miiing a i 1;30\»'@3’

s
e

supply 198, In another ilhsstrative embodiment, swwhere the fisst electrode 160 isa
roif oybinder, the controlier 190 can control the speed of the roll ovlinder to match
the metering of the vibratory feeder 128, The centroller 190 can rmenitor and contral
the gas How and prossuve within the enclosure 195,

{8832]  Inone dlustrative embodiment, the conveyor 130 and the second elentrode
170 can be held at a potential of 1000 V and the frst electrode 160 can be grounded.,

Y6

The comtroller 190 cary messure the current botweern the second electrode 170 and

the second power supply 191 using & first ammeter 1927 and the cwrrent between the

&

frst dlectrode 160 and ground using a second ammeter 194, The cument flowing

betwoen the second electronie 170 and the second power supply 191 will be

o
%
’.:Z'
Z
£
5
3
o
:.‘.2
o
g
e
s
s

s the number of particles of the mixture 117 striking the second

proportional to the number of p v;m:icécs of the mixture 117 dissipating thelr charge.

rs¢ gleatrode 160, Hence, the controller 190 can adjust the voltage of the convevor

130 and the second electrode 178 in erder to optimize the efficiency of the

clectrostatio material separation dovice 130, For example, the controlier 190 can

[oom)
i
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reduce the voltage of the conveyor 130 and the second electrode 170 when the

wicasured curent s above a threshold

clectrode 160 can be changed, e.g., In response to commands from the controller

1G0, 1o accommodate the average size of the particles in the mixtare 117, For
smalier particies, the chargs © mass ratio may be Mph enough that the particles
sticks to the sceond electrode 170, I the pariicles stick o the second electrode 170,

the st glectrode 160 can be tilted, causing the particles to fall {aster, and the

Larger particles may be separated more casily using higher voltages andfor
shatlower angles. With proper engineering, the separator 100 shiould be able o
separate mndures that include particles whose sivaes span 3 wide range.

¥034)  FIG. 213 a flow diageam sHustrating operations performed to separate
materal electrostatically in secordance with an illustrative embodiment. In
alfermnative embodiments, fewser, adiditional, and/or difforemt operationy may be

, amixture of a first material and s second material

-~
7
r

H

St

porformed. Inan operation
can be provided, The mixture can inclade ground, chopped, pulverized andior
broken pieces of, for exampte, i not Hnted 1o, circuit buards, walers, and
puckaged integrated eircuits. The mixiure can tnclude pleces (e, particles) whose
gverage volume is within a range of about 8.3 ni to aboul .3 mi, and/or whose

average lavgest dimension s within a range of about Y00 wm o about 8.0 mm, The

[

first matenal can be a senuconductor and the second material can be, for example,

X
H

o, an insulstor-tvpe material such as glass reinforced thermoplastie

|
i
“r
o
Fas]
A
V;‘A
o
&
"“,"
¢l
=%
(‘4!

P
i
»..z
f"
L

{Le, Duroyd TM}, thermoplastic, glass reind cpOXY te.g., FR4}, thermoplastic,

potting, and passivation. In other cases, the first and second materials can include
different somivonductor matertals. The first semiconductor material and the second

e, for example, but not Hmited o, at least one of

$
3

pernianiuny, silicon germanium, copper indium diselemide, sihicon, copper indiam

¥

galtium diselenide, wdiuny phosphide, galhum arsenide, cadmium telluride, copper

L)

gailiom disclenide, and hydrogenated amorphous silicon,
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HI633)  The mixture can be provided to, for cxample, bul not mited to, a

conveyor. In an dlustrative embodiment, the convevor can be made of a conductor

tage, for oxample, but not Hmited so, 10V 10 30kV.

Specific examples of voltages include about 10V, about 100 ¥V, about T &V, about §
KV, about 10kV, shout 20 KV, about 30 &V, and ranges between any two of thes
values. As the muture travels down the conveyor, the particles of the mixture can

by

pieX up charge through contact with the conveyor, In another iHustrative

smbodiment, the conveyor san be made ¢

hmited to, plastic or glass. As the mixture travels down the convevor, the particles
of the mixture can pick op charge through triboelectric offk
8367 Tn an operation 229, the mixture can be irradiated using a narrowband light

souree. The hight source can have a poak output wavelength of, or example, but not

e

hmited to, al least one of 730 nmy, 752 mn, 862 i, 868 tow, 919 nmy, 1108 amy, 1217

am, and 1833 nm. The hight source can have an output waveiength range of, for
wiample, bulnot Iimited o, about 730 nm to abowt 1860 nm. The wavelength of the

5.

Hght source can be selected such that the energy of the wavelength of the Hgh

Yoy

soures 1 greater than 8 band gap energy of the Hrst material of the vixture and loss
than a band gap energy of the second material of the mixture. The Hght souree can
be, for example, but not findted to, 8 morcury lamp, a tungsten tamp, an altrgviolet
famyp, an infrared lamy, @ neav-infrared lamyp, a Hght omitting diode, or a laser. In

another iHustrative embodiment, the light source can nclnde 4 Ailter. The Glter can

b a cutoft Glter, @ bandpass filier, or & series of cutofl filters.

As the nuxture is oxposed fo radistion from the source, at least one type of

gs of the mixture become more conductive and at least one tvpe of the

r fully mandains ifs conductivity. Inan

Hustrative embodiment, where the mixture includes the first and second materials,

the first material becomes more condustive whereas the sceond mateérial
v maintaing s conductivity, Inanother ilhustrative embodiment,

> inchudes the Orst senuconductor matenal and second

st semiiconductor slaterial becomes mpre conductive

a3
ok
,“,;1‘
i}
g
s
o
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3

the second semivonductor material substantially or fully maintains its

[B038]  In an operation 230, the mixture can be applied to a discharge apparatus.
The discharge apparatus can be, for example, but not Himited to, a first electrode.
When the mixtore comes in contact with the discharge apparatus, the particles of the
mixture that are more conductive will discharge faster than the particles that are less

conductive. For example, where the powdered mixture includes a semicondustor

(o)

material and another material, the semiconductor material 15 more conductive and
the other matenial substantisHy or fully maintains s conductivity afier exposure to
the radiation. As a resull, he semiconductor material discharges faster than the other
material, Thus, the other material is charged relative (o the semiconductor material
ich has been substantially or fullvdischarged. Where the mixture mcludes the

rat and second semiconduttor materials, the 8rst semiconductor muaterial is more

psy)

conductive, and the second semiconductor material substantially or fully mamtains
ity condnetivity after exposure 1o the vadiation, the first semiconducior materiat

aster than the second somiconductor matenial. Thus, the second

discharges ¢
senticonductor material 1§ charged radative o the first semiconductor material which
has been substantially or fully discharged. The discharge spparatus can be

Ix3

stationary or moving {Le., vibratin

i
]
et
o
ooy
P
B
-
ot
-
:"2‘/

sotating drom, roll eylinder, or belt).
ST In an operation 240, an oleciric ficld can be applied to the mixture

$5¢

between the discharge apparatus and 2

wa

clectric field can, Tor exarmple, boe generated

¢
4

second electrode, The electrie field is adapted o sobstantially or {ully separate the
seoond material from the Best semitconducior material, The seeond clectrode can be

held at 8 positive potential of about 10V to sbout 30 KV relative 1o the discharge

BV, sbout S &V, about 10 ¥V, about 20 kV, about 30 KV, and ranges between any
two of these values, Thus, an elcotrie field can be penerated between the discharge
apparatus and the sevond clectrode. As the muxtire traverses the discharg

apparatus, the charged parneles of the mixture are atiracied to the discharge

3

'’
R

apparatus, which is at ground or slightly postlive or negative. The discharged

particios of the mixture are attracted to the second eleetrode, whick is at whick is at a

. 2
F - 3

refatively high, positive potantial refative to the discharge apparatus, For example,
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the first material of the mixture has no or minimal ¢ harge and can be drawn towards

the second clectrode which 18 at a relatively high, positive potential. The second

muaterial of the mixture will sty by the discharge apparatus and will not be drawn to
the scvond electrode. As gravity scts on the mixture, the second material of the

mixture and the first seoconductor material of the mixture can be separated. The
second matenal of the woxture can generally follow g first wajectory into a first
sectiorr of a bin. The first matesial of the mixture can generally follow a second
trajectory into a second section of the bin. Advantlageously, the second material and
the first material of the mixture can be physically separated without chemicals or
withpul getting the muxiure wot, I other embodiments, first and second

semiconducior materials can be scparated by selecti

e
=

52
pares
]
T
5
o
2
b3
oy
P

au
e
=
[#.3
o
o
=
s
4]

and/or {lter such that the energy of the wavelepgth of the narrowhand Hpht source
and/or {ilter 38 greater than a band gap energy of the first semiconductor material of
the mixture and less thana band gap energy of the second semiconductor of the
XhEe

{H846]  The fellowing are non-limiting examples of radiation assisted clectrostatic

7)

separation of material in accordance with Hastrative embodimenss

0841 LXAMPLE 11 beparation of Semiconductor Matertal from Serapped

9042]  After grinding up oircuit boards, the somivonductor materials of the cireuit

boards can by separated fom other materials of the civouit boards using a variety of
different tochnigues. Although the bulk of the semiconductor material can be silicon,
the sennconductor material can also include SLGe, Gads, InP, and other 1LV

%

it speed or pptoclectronic eirawts, First, usiug the

electrostatic material separahion dovice of FIGL 1 with a low pass optical Slter with o

%]

cutoff of about 1130 nm {such as those commercially available from Thorlabs Co,

o~

Newton, New Jersey), allovs of St:Ge can be extracted from the ground up ciresit

boards. Second, the ground up circuit boards are then sent through the electrostatic

Lo

5 \.

material sepavation device of FIG. | with a low pass upﬁicd filter with a cutoff ol

s

about 1000 am {(commercially avaiiable from Thorlabs Co., Newton, New

¥

JCTECY L

,.

e -V compouonds such as GadAs and InP.

X

whereby silicon can be separaied from {

ook
L&
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The electrostatic material separation device of FIG. 1 can be used to further process

the ground up civcuit boards nsing additional wavelengths.

s

00431 EXAMPLE 2: Separation of crystalline Silicon from a-8iH

[8084]  After grinding up, for exanple, solar panels, Hgeid crystal displays, and led
cmitfing dinde displays, high purity silicon can be separated from hydrogenated
smorphous sihenn {3-51H), which contains hydrogen and other bupurities, Using

the electrostatic matental separation device of FIG, | with a low pass optical filter
with 2 cutoff of betworn about 750 nmy and 108K num {commercially available from

Thoriabs Co., Nowion, Now Jersey), allnvs of Si:Ge can be oxtracted from the

ground up selar panels, The crvatalling sthicon can become a better conduetor while

f

the amorphows silicon would rémain unchanged, Thus, the crystalifne silicon can be
clectrostatically separated from the amorphous sitlicon as deseribed above.

5] BEXAMPLE 3: Separation of 51 from -V Semiconductors

{80461 Hyvbrid modules can contatn §land HEV semiconductors, For example,

high speed elecrome modudes for CATV, communications, measurement systems,

and defense applications can contamn many diffevent types of circuits mounted on a

walitichip subsirate. The ULV devices can be & high speod part of the civendi or the

optical communication cireaits, while the logie and interface can be based on

sticon, Ground up hybrid modules can be processed through the slectrontaic

with a low pass optical filter with a cutotf of

about 1000 mm {commercially available from Thorlabs Co., Newton, Now § QrSEVY,

whereby silicon can be separated from the HEY compounds such as GaAs and InP.
AT EXAMPLE 4 Sorting CIGS by Galliuwm Concentration

0048 In the senvcondocior matenial CIGS (Culln, Ga3Sel), substitution of

galiiwm for indivm changes the band gap frone 1.04 o 1.67 eV, Using a variety of

filters on the clectrostatic malerial separation device of FIG. 1 (hetween 743 and

ot

1193nm}, the material can be binned by the ratio of indium to gathium.

§’€}‘@4§.§§ BEXAMPLE §: Separation of Semiconductor Material frors Glass or

(',

Cerane
05 Ground wp solar celis or electronis packages include a mixture of polymer,

glass, coramic, metal, and semiconductor matorial, Polvimer material can be

fyo

separated nsmg tibovioctric separation, and the metal can be separated from the

[3
o
o

i
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remaining material using electrostatio separation. The semiconductors can be

separated from the glass and ceramic nsing the elsctrostatic material sepavation

(“.l

device of FIG. 1, by making the semiconductor particles more conductive. Glass

has 4 band gap of about 9 oV or 137 . Since particles al wavelenths

-

and below are absorbed by air, use of a high-intensity visible Hght sowree {e.g.,

tungsten) without a filter would increase the conductivity of all seniconductor

oY

material relative 1o glass. Thus, the clectrostatic muaterial separation device of FIG,

».

Y with a tungsten hight source can be wsed to separate glass from semiconductor

{B8S1] EXAMPLE & Beoyeling 83/ (HIWV) Heterostructures

{00521 W-V materials (GaAs, InGads, ote.) integrated onto silicon integ

r
2
o
[

cireuits can be used 0 creais oploelesironie devices, Quantum Well FETs
OWEET), and other devices,  Ground up optoclectronie devices can be sent
IGL 1 with a tow pass optical

through the clectrostatic meaterial separation device of |

rr/t"

{ about 1600 nnowhereby silicon can be separated from the Ui~

¥

flter with acuteffo

ey

V compounds such as GaAs and InP.

HIBS3Y A flow diagram ts used herein, The sse of Hlow diagrams is not meant to

s

be fimiting with respect to the ordor of operations performed. The herein desoribed

subject matter sometimes fustrates different components contained within, or

X

s o il A Terarit b rrrrcrrerde Tote 4o T 136t ] 1 ord oraesd
cormected with, different other components. It is 1o be understood that such

depicted architectures are merely exemplary, and that in fact many other

architectures can be implemiented which achiove the same funciionality. Ina

* )

al sense, any arrangement of components o achicve the same functionality

o]
L]
(4]
]
p=9
oo
>N

CORY

-

is effectively "associated™ such that the desived functionality is achicved. Henee,
any two components herein combined (o achieve a particolar functionality can be
seen as "associated with” oach othor such that the desired finctionality is achieved,

urespective of architectures or intermedial components. Likewise, any two

N

coraponents so associated can also be viewed as being “operably connecied™, or
"e,‘v\u.;'iiqu“id" > oty oy ‘}q(i‘-niqdwf-‘;‘-» }t i ~
operably coupled”, 1o each cther to-achieve the desired functio , angd any twe
components capable of being 30 associated can also be vigwed as being "oporably

couplable”, to cach other to achiove the destred functionality. Specific examples of

. 233 3
teable andfor

,,M

operably couplable include but are not Hmited to physically

e
[
2
£
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iy
=
%
m
a.‘?m

physically interacting components &

:

for wivetessly inferactable and/or wirclessly
infergoting components and/or logically tnteracting and/or logically interactable

COMPToNIs,

[O054]  With respect to the use of substantially any plursl and/or singular terms
herem, those having skill in the art can transiate trom the plural to the singular
andfer from the singular o the plural as is appropriate to the context andfor

ésp;}iicaiien.. The various sgular/plursl permutations may be expressiy sot forth

(..«

1BUSSY  [twill be understood by those within the art thet, 1 general, terms used

herein, and espeatally in the appended claims {e.g., hodies of the appended elaims)
are generally intended as "open” torms {e.g., the wenn "ingluding” should be

interpreted as “inchading but not Bmited o, the term "having” should be interprated

L ‘\ ‘

as "having al least,” the terma "mcludes” should be interpreted as "mcludes but 1s not

3

tmied to," ete.). B owill be further nnderstoed by those within the art that if g
speeific number of an introduced claim recitation is intended, such an intent will be

the absence of such recitation no such intem i

o
by
=
149
ke
<
-
pret
o
o]
]

k=]
e

%
b=
;‘f
,_.
(o
=t

o understanding, the following appended clatms
may contam wsage of the introductory phrases "at least one” and "one or more” o
introduce olaim rectiations. mn.,u,z the use of such phrases should nothe
constroed to tmply that the introduction of a claim rocitation by the indefinste

LU )

2" or an” himits any particular claim containing such introduced claim

o

2
arigio

L€

recitation (o myventions com a‘-mng ol x one sueh reciiation, even when the same

claim fnchades the introduciory phivases “one o more”™ or "at feast one™ and
mdelinite articles such as " or "an" {e.g. "a" andfor Man” shoold typicaily be

interpreted to mean "at least ong” or "one or more"}; the same holds true for the use

of delinite articles used to mtroduce claim recitations. In addition, even i a specific
pumber of an introduced cham recitation is explicitly recited, those skilled in the art
wetl] recognize that such recitation should typically be interpreted o mean at least the
recited number (e g, the bare recitation of "two recifations,” without other

modifiers, typically means at least two recitations, or two oy more recitations}.

Furthermeore, in those instances where a convention analogous Lo "at least one of A,

ruction 1s indended in the sense one

».’.»’ “
e
]
2
|7
e
pmrd
W
r'*

L et 15 used, in general suck
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having skill in the art would understand the convention {e.g

U’J.

L lasystorn having at

feast one of &, B, and O would include bat not be Hmited 1o systoms that have A

=3

alone, B alone, C alone, A and B together, A and € together, B and € together,

and/or A, B, and C together, ofe.). In those instances where a convention snalogous

"

to Mat least one of A, B, ov 3, ete 1s used, in general such a construction {8 intended

t

n the sense one having skill in the art would understand the convention {e.g., "a

it

system: having at least one of A, B, or " would include but not be Bmited to

~

systems that have & slone, B alone, € slone, A and B together, & and O together, B
and O together, anddor A, B, and U together, ote). I will be further understood by
those within the art that vireally sny disfunctive word andior phrase presenting two
armore altormative terms, wht ther i the deseription, claims, or drawings, should be
understood to contemplate the possibilities of inclading one of the terms, either o
the terms, or both tenms. For example, the phraze "A or BY will be understoad o
include the possibilities of "A" or "B or "A and BY

HMISS!  The foregoing description of iHustrative emnbodiments has been presented
for purposes of Hlustration and of deseription. i is not intended to he exhaustive or
limsting with respect o the precise form disclosed, and modifications and variations
are possible in fight of the sbove teachings or may be acquired from practice ot the
disclosed embodiments. {18 intended that the scope of the fnvention be defined by

a1 G PN , RS . . Ao Advinge garveiaes b
the claims appended herete and their eguivalonts.
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WHAT IS CLAIMED 18

I A wethod of separating material, the method comprising:
irradiating a mixture of a first material and a second material at a

i conductance between the Hrst

f.'

wavelength that induces ¢ differ
material and the second matonal; and

apphving an zlectrie fleld to the mixture, the clectric field vausing at
least some of the Hrst waterial to sepavate from the second material due to

the difference in conductanee.

Ay the first matenal mcludes g semcondustor
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6. The method of claim 1, wherein the auxture comprises particles having an

average particle dimenston within a range of between about 100 pm and

7. The method of claim 1, wherein irvadiating the mixture includes generating
radiation with at least one of an wfrared Hght source and a near-infrared light
[T,
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The method of claii 1, whersin the wavelength is within a range of sbout

J

s o about 1860 nm.

9. The method of clatm 1, wherein the wavelength corvesponds to an energy
that is {a} greater than a band gap cncrgy of the first material, and (b less

than a band gap cnevgy of the second material,

10, The method of claim ) whereln the irradialing causes the conductance of the

first material fo be grester than the conductance of the sscond material,

11, Themethod of claim 1, whersin applyving the electric field to the mixtur

E

nﬂ

comprises generating the clectric fiel

e within a range of about 10V to about 30 kV
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wig of the two electrodes comprises g

13 An apparatus for separating material, the apparatus comprising:

a source configured 1o radiate a mixiure of a first material and a
second material af a wavelongth that mduces a difference in conduciance
between the first meaterial and the second materish, and

a pair of ¢lectrodes configured to apply an cleetric fick! to the
mixture that causes separation of ot Ieast some of the first material from the
secomnd material based on the difference iy conductance.

4. The apparatus of clatim 13, whereln the Tight source comprises at feast one of

1 infraved hight source and a near-infrared Hght source
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The apparatus of claim 13, wherein the light source comprises a filter

sonfigured fo transont at least one wavelength that induces the difference in
conduciance.

The apparatus of clatmn 13, wherein the wavelength is within a range of about

g

730 o tooaboat 18680 nm

The apparatus of claim 13, wherein the wavelength corresponds {0 an energy

cn4
p

that is {8} greater than & band pap encrgy of the first material, and {b) Tess
than a band gap onergy of the second material.

The apparatus of claim 17, whorein, afler irradiation by the souree, the

conductance of the Tirst material {s greater than the conductange ot the
seeomnd materiall

hie apparatus of clatm 13, further comprising a power supply configured 10

(4 ¥

b

generaie a potontial difference bebween the pair of electrodes within a range

of about I8V o about 30 kY.

The apparatos of claam 28, {urther comprising:

an armeter configured {0 measure a current from the ground

stectrode to ground; and
a controlior operably coupled o the ammeter and configured

determine a portion of the first material excited by the electnic
field based on the currents
adjust the power supply; and

adjust g speed of the roll cylinder.

392
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The apparatus of clatm 13, frther comprising:

a vibratory feeder condigored to provide the mixture to g conveyer,

whereln the conveyor is configured fo present the mwmixture o the source.

The apparatus of clalm 13, further comprising:

a container configured to receive the separated first material,

The apparatus of clatm 13, wherein the mixture comprises particles having

&

an average particle volume within a vange of between about (1.5 ol to about

9.3 mL

The apparatus of claim 13, wherein the mixture comprises particles having

X

e

i3110

i)

an average particle dimension within a range of between about 1 wy

by

ghout 8.8 mm.
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Provide a mixture of a first material and a second material

240
v
Irradiate the mixture using a first narrowband light source |
~ 220

230

“h

waM

Apply an electric fisld o the mixiurs
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