~TI'ME OF FLI GHT ENERGY MEASUREMENT APPARATUS FOR AN
| ON BEAM | MPLANTER FI ELD OF THE | NVENTI ON The present invenypayd
relates to an ion beaminplanter and, nore particularly, to an appar atys
using a tinme of flight technique for measuring the average kinetic energ}y
of an ion in an ion beamused for ion Jdopi ng of sem conductor workpheegs Jun ¢
an i on beam i npl anter. BACKGROUND OF THE | NVENTI ON |l on beam
i mpl anters are wi deIMESIHFEIGH | ENORLE ME ASURIH PRARAANY uct or wafers
with a desired species of io&©QRAL BEANVDIMBLAINTER gener at es /An i on beam
conprised of the desired species of positively charged ions. The ion beam
I NMpi nges up@FIED OINTHRINVENTIONT a sem conduct or waf er wor kpi ece thereby
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and the ion HRAN dfanli6phi id ik Bkim SEENRE forD¥RIing BFseMiIEdiducioe wotkpidies ant a
desired dosage of ions. Wen inplantation is conplete, the workpiece is
renoved frordnige bsyppwplantgid anot her wor kpi ece is positioned on the
support. Anot her type of ion beaminplanter uses a rotating,
transl ati ng di sk-shaped support on whi ch workpi eces are nmounted. A
plurality of BRORGROWUWNDWMEWHEKPNSESTIONE nmounted on the di sk-shaped
support. The support 1s supported in an inplantation chanber of an end or
i npl ant ation st at Josrpeam i tesh argauidelyrasedim the propses efslopingf  and
transl ation of . b Q t | yr.al : i eces to be
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exposed to The ron 1 during a pro ( uracy in both:
a) the quant génerfés droios bedr ampeised oF the 86icd @PEliidst sTpowIal el chived fingce
during the inplantation process; and b) the inplantation depth of ion

i mpl ant at i onTheionheamompaigss apept exposed surfice of p s¢rgigondunberrwafpcworkpiece
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beam implanters utilize serial implantation wherein a single semiconductor wafer
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workpiece is positioned on a support in an implantation chamber. The support is
oriented such that the workpiece is in the ion beam beam line and the ion beam is
repetitively scanned over the workpiece to implant a desired dosage of ions. When
implantation is complete, the workpiece is removed from the support and another
~ workpiece is positioned on the support.
™ Another type of ion beam implanter uses a rotating, translating disk-shaped
support on which workpieces are mounted. A plurality of semiconductor workpieces
are mounted on the disk-shaped support. The support is supported in an implantation
chamber of an end or implantation station of the ion beam implanter. The rotation
and translation of the support allows each of the plurality of workpieces to be exposed
to the ion beam during a production run.
Accuracy in both: a) the quantity of ions implanted in a semiconductor wafer
workpiece during the implantation process; and b) the implantation depth of ion
implantation in the workpiece surface are of critical importance in producing an

acceptable end product. The allowable tolerances on implantation depth and total ion




2 inplantation quantity or dose in the manufacturing of many sem conduct or
devices are now at the 1% | evel in many applications. | on

i npl antation depth of workpieces in an ion beaminplanter is directly
dependent o r8¥ f i b f Afo¥d <hi evi ng
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moni toring Gire hbw a€fRI10% 1&k] iInanyodpplieaions. Prior art high energy ion
i npl anters control ion beamenergy using a_final energy magnet (FEM. The

control of ion beemimplantpiopsiepty of workmieess du AR ion hramdriplanierds direrdly on beam
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wi thin the inplantation chanber. The ion beamis directed though the FEM
The magnet i cenergyl of thaipsidigamhe i ons conprising the ion beamto travel in an
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magni t ude of the ion beam bendi ng. Nunerical sifnulations and enpiri cal

tests have shamantatien chambeEEVheivarhppmrie ditbeted thoagh B FEMolhe magbstiapeldo +/ -

10% of the desired ener of . t i on beam under certajn congditions
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apparatus that is relatively inexpensive, durable and provi des for

rapi d, real tiomentipnfeliavgachrvileanpathéo the impleatation chambérevhanethded i s an
ener gy rreasureqiepnt a a(i.at us.that can be retrofit for use on current
generation i &%" é%ﬁ??g'gﬁ:) IS9SEYs wi t hout requiring extensive rmodification of

an inplanter. SbimatY, tléfecuMYENFHIYEM method of computing ion beam energy

has a serious drawback in that the magnitude of bending of the ion beam is a function

-

of the entry angle of the ions into the magnetic field of the FEM. Even a slight
difference of entry angles (2-3 degrees) of the ions when entering the FEM magnetic
field has a significant impact on the magnitude of the ion beam bending. Numerical
simulations and empirical tests have shown that the FEM energy readback can be
incorrect by up to +/- 10% of the desired energy of the ion beam under certain
conditions.

What is needed is a more accurate ion beam energy measurement apparatus for
an ion implanter. What is also needed is such an energy measurement apparatus that
is relatively inexpensive, durable and that provides for rapid, real time updating of
beam energy. What is further needed is an energy measurement apparatus that can be
retrofit for use on current generation ion beam implanters without requiring extensive

modification of an implanter.

SUMMARY OF THE INVENTION




3 I n accordance with the present invention, an ion beam i npl anter
for directing an ion beam against a plurality of sem conductor wafer

wor kpi eces is disclosed. The ion inplanter includes an inplantation station
defining an inplantation chanber. The pl u]r,al ity of workpieces are supported
on a di sk-shaped rotatable and transl atabte support di sposed within the
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apparatus utilizing a time of flight technique to determ ne the average
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advant ageously appljed by the energy neasurenment apparatus to accurately
det er m ne t h&epigssuaging the inderéergygion Atrediodrequenay (riYiion avgeleratanis posjtiafedt he
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bet ween two Jenbedns to ddkisveldasitddyhigh béant BRdrfiés.measur enent apparatus utilizes

a "rough" estimate of the energy of an ion in the ion beam generated by the
FEM to insure thatTheHmpmgen@uéqsmwlmbdan@nmgmembawemet appaiaty
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a predetermined distance between two sensors. Importantly, the energy measurement

ép'paratus utilizes a "rough" estimate of the energy of an ion in the ion beam generated

by the FEM to insure that the pulse elapsed time determined by the timing circuitry is

accurate. The mean or average velocity of an ion bunch or pulse is determined

by the conversion circuitry using the formula, v(pulse) = d / t, where d = distance

between the first and second sensors and t = elapsed time for the pulse to travel from

the first sensor to the second sensor. Once the velocity of the pulse is determined, the

energy of the ion, E(ion), is determined by E(ion) = % m(ion)v?, where v = velocity of

the pulse and m(ion) = mass of the ion in the pulse. The mass of an ion of the desired

implantation species is accurately known.

The energy measurement apparatus includes a first sensor and a second sensor

disposed adjacent the ion beam and spaced a predetermined distance apart, the second

sensor being downstream of the first sensor. The first sensor generates a signal as a



4 pulse of the ion beam passes the first sensor and the second sensor
generates a signal as a pulse of the ion beam passes the second sensor.

In a first enbodi nent of the energy measurenent apparatus, the apparatus

t akes advantage of the fact that the rf i,on accel erator generates a series
of beam pul ses at a constant frequency, ﬁhus t he period between adj acent
pulses in th lin circui

e.be s knowy. Jhe timn ry.of the ener
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pul se passi ng atpifscldfithd ion@Ramrpaseed ik tEa@niIH se passing the second
sensor. Knowi ng the period between successive pul ses and based on an

approxi mati on of Inua fést gabediment afitemenergy mEaguranient gppasatus, thedpparpdus j r st

pul se traver,gsing t he distance, he ep. the first and the seco sensprs i s
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the nunber oft aRishstast RRMUEES)tHUE ¢hd petivl HRfFkeh 2AMRBENtPRANEE iSthe beam lineTs = t he
time period between pul ses. As expl ai ned above, the tine period, T,

bet ween pul sewwrs Kredimingetmuitry of the dneegpmeasyrenicnp appseatus detemmungs the om t he
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ed wave t he

the digitiz ornms recelved fro Irst and second sensors. Once
the tinme, t,omén apyproxiudesion of puise selogtyt frendhsFBNG ¢he tiine Heofitbe firdt ipelséi r st and

t he second sensors i s accurately kno conversiqQn circuit cal.cul ates the
Vet oot vy of ERverdine [idiaas by depibe Rt gt Bepecond sior ealcliaird s e

di stance betﬁﬁxﬁ&éi%i j4st and second sensors. In a second

enbodi ment, the "energy neasurenent apparatus includes timng circuitry

whi ch utilizes the=i[Nnx Eheagy approximation of the FEMin a slightly
different way. In_this enbodinent, the enertqy approxinmation is utilized to
i nsure that Whews: Nithegrunher ghpulsss betwsendhefist padsqeend pgisRIEd bet ween t he

first and second §e_n§1%rt§n -H?)‘abt. 1 %ﬂ gecuitry includes a first timng
TpeoR et

differentiator, a secon m ng erentiator and a delay circuit. The
first timng diffeseRplapiedrabbie, teatirhe perddd, T, betueks gulstDistkhewhibesduss gizs or

and generates a first signal when a signal is received fromthe first
frequency of pulses is known from the 1f ion accelerator. The number of pulses, N,
between the first and second sensors is known based on the FEM energy
approximation. The timing circuitry accurately determines At using a cross
correlation calculation of the digitized waveforms received from the first and second

_ sensors. Once the time, t, of the pulse traversing the distance, d, between the first and

the Second sensors is accurately known, conversion circuitry calculates the velocity of
an ion pulse as follows: v(pulse) = d / t, where d is the distance between the first and
second sensors.

In a second embodiment, the energy measurement apparatus includes timing
circuitry which utilizes the ion energy approximation of the FEM in a slightly
different way. In this embodiment, the energy approximation is utilized to insure that
the time of flight of a single pulse is tracked between the first and second sensors.
The timing circuitry includes a first timing differentiator, a second timing
differentiator and a delay circuit. The first timing differentiator is electrically coupled

to the first sensor and generates a first signal when a signal is received from the first



5 sensor. The second timng differentiator is electrically coupled to the
second sensor and generates a second signal when a signal is received from
t he second sensor. The delay circuit is electrically coupled to the
first and second timng differentiators qu receives the first and second
signals generated by the differentiators.” The delay circuit al so receives

data represenlal Vet AR AEBEAIRG IR HLBIEN o 1L1S GRS Shede | o0
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energy measurenent data and generates a delay tine for an ion beam pul se

usi ng the mass of Theéelay eistuitiaelegiricolly spupdédeio. thebrst and egcend timingn pul se,
the timng cirguitr utilizing,the first and second signal.s correspondi ng
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first and second sensors. The ener gy neasurenent apparatus further
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selected ion, pul.se i.nto.a nmea of the. ener of the o eam .
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i on beam dosiomlerts tlf@d}ifp?&{imﬁbé eﬂéxgy'rﬁ'éaﬁﬁkeﬁiénﬁdldt:? éhePRENSIdI4) tiREHE t he
current, independent of the Faraday cage positioned behind the inplantation
chanmber suppdont beafhpulsensing the mass)pHie dedeleratdd liyn speaies.f Bomd selectaddonpnlset i ng

structure upstream of the ippl.antati on ghanmber.is.in a constan _
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Because the energy neasurenent apparatus is disposed in a portion of the

i on i npl ant etraversetheqredetgyimpredtdistandedstvecendhafirst end/sacond semsorspr essure, the
I on beam current n be accuratelé rreas?rel_ﬁ 'ndege dent of. aw cﬂgrf e
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I npl antati on chanber pressure can be higher. In other parts of the i on

i npl ant er, suohioadeame i npl antation station, the gas pressure can vary,
which can electrigglly neutralize the ion beam causi.ng errpors ip the,
Faraday cage curr gﬁf%‘é’%&?@ﬁgﬁfr{eﬂt apparatus of, P@ﬁ"’cntérf“%np%lsi%ﬁﬁ“gﬁﬁ #on
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I on beam once per revol'ution e support. The Fara
independent of the Faraday cage positioned behind the implantation chamber support.

The interior region defined by beam forming and directing structure upstream of the
implantation chamber is in a constant depressurized condition during implantation.
'i‘h'e-signal amplitude from the energy measurement apparatus sensors depends on the
ion beam current level. Because the energy measurement apparatus is disposed in a
portion of the ion implanter interior region that has a relatively constant pressure, the
ion beam current can be accurately measured independent of any charge neutralizing
collisions that may occur in regions of the beam line, downstream of the energy
measurement apparatus sensors, where the implantation chamber pressure can be
higher. In other parts of the ion implanter, such as the implantation station, the gas
pressure can vary, which can electrically neutralize the ion beam causing errors in the
Faraday cage current measurement.

Current art ion implanters provide an opening in the support which exposes
the Faraday cage to the ion beam once per revolution of the support. The Faraday

cage reads ion beam current only once per revolution of the support. The energy



cage reads ion beamcurrent only once per revolution of the support. The
ener gy 6 neasurenent
apparatus of the present invention advantageously provides for a faster
scan of the ion beam energy and current tfan is possible using a Faraday

cage positioned behind the rotating support. I n one operating
enbodi nent o # : ' i
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i nducti ve sesmarof tlar ion bpan edergy pné derent hands podsitlansieg afFaradapcigacent t he
beam line. The first inductive sensor generates a signal when a pul se
passes the fPpsitionsdihehind thepotatingsHapethduct i ve sensor generates a si gnal
when the pul se pa td

enbodi ment of theﬁgﬁrz?%é}%@g%%r%ﬁﬁ%}ﬁ%b%re&e@ rgéfdg%l%relt% g?%enat?&??l@e%??on,
the first andnéscondsaroseobmpeiedfirst asd spad nduvitve sthies. Thafirst atligcone
sensors. As with the inductive sensors, the capacitive sensors are placed a
pr edet er mi netNdYPUYSIFEEOmS BEersPacadARyedstermined dislanecshanar, adjacent the beam lingiese and

ot her obj ect . S.: ' | A tter
ander st opa. 1 PSsTER S ERyP R REURELRGR el A 4 BYRTPARS: e s RERRETTRE |
the inventi osecohd ¢iduetiee SRSE gonetdsa si@ial when theipuldetpasdel eheecaransorng

dr awi ngs. BRI EF _DESCRI PTI ON OF THE DRAW NGS Figure 1 is a
schematic top pl ahn ¢sesendopegating ambedimenhof the eaersy measiseper apparaiug 9E e on;
Figure 2 is ' | | f the ion
beam i npl ant F&g:;ﬁg?%%@gptﬁé ?i?&%&\égcoé?gé}'}sghsc%g?‘?%%gg%agﬁg;}[%?gtﬁ%tgc di agram
of sel ected dnduetivé senseds. Asfwitisthe et &BdtisoR] tha Ragueitiv@\sengasate pirsd a
apparatus of the present invention; . Figure 3Ais a schematic

r epr esent at i dFedstermiedlistancs aparplons thryion bsamtbean lge. an i on beam gener at ed
by the ion beam i gl Fi- gur X | 4. | '
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measur enent  dppanaidesstadid fdie thy GSA1Rd deBottioh @ the preferred efnbgdifreents dfshél
schematic representation of an_ inductive sensor of the en_er%y _measur enment
appar at us of RYratipp &dueh arp dosepibpdin conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic top plan view of an ion beam implanter of the present
invention;

Figure 2 is a schematic perspective view of selected components of the ion

" beam implanter of Figure 1;

Figure 3 is a schematic block diagram of selected circuitry of a first
embodiment of an energy measurement apparatus of the present invention;

Figure 3A is a schematic representation of ion pulses comprising a portion of
an ion beam generated by the ion beam implanter of Figure 1;

Figure 4 is a schematic block diagram of selected circuitry of a second
embodiment of an energy measurement apparatus of the present invention;

Figure 5 is a schematic representation of an inductive sensor of the energy
measurement apparatus of the present invention;

Figure 6 is a schematic representation of a capacitive sensor of the energy

measurement apparatus of the present invention;



Figure 6 is a schematic representation of a capacitive sensor of the energy
measur enment apparatus of the present invention;

7 Figure 7A is a representation of a digitized oscill oscope trace
showi ng waveforns resulting from successiwve ion pul ses passing the first
sensor; Figure 7B is a representation of a digitized oscill oscope

trace show ng wavg{RrdPa (€3 HptdsBtafidPOT SHERREE b¥RIdseBpPacRaRoRARS| NY the
second sensor; and Figure 8 I1s a graph illustrating the relation
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beam i nplanter 1s shown génerally at 10 Tn Fi'gure 1. The inplanter 10
produces an i on b&aurd 8§ ihagiaply iliustreting thaeclgtjon betwhen oabgamehert and 0O

kil oel ectron volts (keV). The inplanter 1Q includes_.an ion source 12 for
provi di ng i off% F\ra?‘(rf‘%f’rﬁqqﬁ%“qy&ﬂnaﬁ% TZ‘FSR%Pﬁ Q?H“Eeai\?@% é@p%}nﬁé%ﬁfaﬁﬁdﬁ to an
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hi gh velocities to achieve the desired ion beamenergy. A suitable rf ion
accelerator 18 for use in a _high energy inplanter is disclosed in US.
Patent No. 4DIEPAMLEDDESCRIPIION: 5 " and is assi gned to the assignee of
the present igRVERtd 8 on'Beam Rl MO- 4,667,111 is incorporated herein in
Its entirety ce. 'n a high energy inplanter such as the
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schemati cal | y; , - 3 - 1) ) l,gur es
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are provi ded idmythatfonh ttles iondeamnd 4ondiith thversey atteemi path Boscgplantainue@nlly a

plurality of sem caonductor wafer workpieces 21 within an jnplantation
regi on or cha&tAber 167 The implantesd P atibiaes axsdiodreguensy (1 lomagesleratelisiol e 67

perm ts operalone,ARihs fGn i Rl {0 sﬁltgtﬁgr i\%i Vebockiks to achieve the desired ion

beam energy. A suitable rf ion accelerator 18 for use in a high energy implanter is

disclosed in U.S. Patent No. 4,667,111 to Glavish et al. and is assigned to the assignee
of the present invention. U.S. Patent No. 4,667,111 is incorporated herein in its
entirety by reference.
"~ Ina high energy implanter such as the implanter 10, the ion beam 14 can be
analyzed as a train or series of discreet pulses, each pulse comprising a large number
of ions, on the order of 10** ions. A number of ion pulses of the ion beam 14 are
schematically shown as PO, P1, P2, P3, ..., P(n-1), Pn, P(n+1) in Figures 3, 3A and 4.
Control electronics (shown schematically at 20 in Figure 2) are provided for
monitoring and controlling the ion dosage received by a plurality of semiconductor
wafer workpieces 21 within an implantation region or chamber 22 of the implantation
station 16. A user console 67 permits operator input to the control electronics 20.
The ion source housing 12 generates the ion beam 14 which impacts the wafer
workpieces 21 disposed on a rotating and translating disk 90 in the implantation
chamber 22. The ions in the ion beam 14 tend to diverge as the beam 14 traverses a

distance between the ion source 12 and the implantation station 16. The ion source 12



‘The ion source housing 12 generates the ion beam 14 which inpacts the wafer
wor kpi eces 21 di sposed on a rotating and translating disk 90 in the

i npl antation chanber 22. The ions in the ion beam 14 tend to diverge as
the beam 14 traverses a distance betweengthe ion source 12 and the

I mpl antation station 16. The ion source 1§
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32 and a set of electrodes 34.  The set of el ectrodes 34 ext
defined by beam forming and directing structure 50 extending from the ion source 12

to an implantation chamber 22, which is also evacuated. Evacuation of the interior
region 52 defining the beam path 14 during a production run is provided by a pump
éystem comprising a system of vacuum pumps 31.

Ions in the plasma chamber 28 are extracted through the arc slit 29 of the
plasma chamber cover plate 30 and are formed into the ion beam 14 that traverses the
distance between the ion source 12 and the implantation station 16 by the beam
forming and directing structure 50. The beam forming and directing structure 50
includes a mass analyzing or resolving magnet 24, the rf ion accelerator 18, a final
energy magnet (FEM) 32 and a set of electrodes 34. The set of electrodes 34 extract
the ions from the plasma chamber interior and accelerate the ions toward the mass
analyzing magnet 24.

The mass analyzing magnet 24 is supported within a mass analyzing magnet
housing 25 and an ion beam path 14 through the magnet region is bounded by an

aluminum beam guide 26. The mass analyzing magnet 24 causes only those ions



the ions fromthe plasma chanber interior and accelerate the ions toward
the mass anal yzi ng magnet 24. The mass anal yzi ng magnet 24 is
supported within a mass anal yzi ng nagnet housing 25 and an ion beam path 14
through the magnet region is bounded by ag al um num beam gui de 26. The nass
anal yzi ng magnet 24 causes only those ions
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FEM 32 operat| nq)eucr]o?l(saltiege(qgs gggégsoclf dcl)sfcreliclzE Mncp%Tsteg O{Each ion pulse PO, P1, P2, P3,.
P(n-1), Pn, P(n+1) is comprised of a large number of individual ions, on the order of
10'? ions. Further, because of the characteristics of the ion accelerator 18, the
frequency of the jon pulses comprising the ion beam 14 is a predetermined, known
value. A typical value of frequency, f, for the ion accelerator is f = 13.56 megahertz
(MHz). This means the time period, T, between successive pulses, say PO and P1, is
T=1/f=1/13.56 MHz = 73.75 nanoseconds (nsec.).

After being accelerated by the ion accelerator 18, the beam 14 traverses a
magnetic field generated by the FEM 32 operating under the control of FEM control
circuitry 40 (shown schematically in Figure 2). The FEM 32 is supported within a
housing 33 and, like the mass analyzing magnet 24, includes an aluminum beam guide
through which the ion beam 14 passes.

Ions that make up the ion beam 14 move from the ion source 12 into a
magnetic field set up by the mass analyzing magnet 32. The strength and orientation
of the magnetic field produced by the FEM 32 is controlled by FEM control circuitry



circuitry 40 (shown schematically in Figure 2). The FEM 32 is supported
within a housing 33 and, |ike the mass anal yzi ng magnet 24, includes an
al um num beam gui de through which the ion beam 14 passes. | ons
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waf er workpiece inplantation at the inplantation chanber
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of the beam line so it does not interfere with wafer workpiece implantation at the

implantation chamber 22.

™ Theresolving plate 80 is comprised of vitreous graphite and defines an

elongated aperture through which the ions in the ion beam 14 pass. Like the analyzing
magnet 24, the FEM 32 also functions to eliminate undesirable ion species from the
ion beam 14. As explained above, the strength and orientation of the FEM's magnetic
field is established by the FEM control circuitry 40 and the control electronics 20 such
that only ions having an atomic weight equal to the atomic weight of the desired
species will traverse the predetermined, desired beam path to the implantation station
16. Undesirable species of ions having an atomic mass much larger or much smaller
than the desired ion atomic mass are sharply deflected and impact the aluminum beam
guide 42 or the slit boundary defined by the resolving plate 80.

The beam forming and directing structure 50 also includes the beam

neutralizer 74, commonly refetred to as an electron shower. The ions extracted from



that only ions having an atom c weight equal to the atom c wei ght of the
desired species wll traverse the predeterm ned, desired beampath to the

i npl antation station 16. Undesirabl e species of ions having an atom ¢ nass
much | arger or nuch smaller than the desiyjed ion atomc mass are sharply
deflected and inpact the al um num beam guide 42 or the slit boundary
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adj acent the jppl at ,on chanber 22 er.e the sem conduct or wafer
wor kpi eces Zlé’fgé)le&{]}ntﬁlq}ﬁ“eea A 'a[‘ﬁia‘fsbﬁﬁ@&@%@ﬁﬁﬁ?‘g‘éﬁ :ﬂewrﬁsepﬁgwpmna,{g& i on
chanber is a gt N3RB4 S39M GROPIFLQ iR iirehp hktR] cRHRRE! ! 90. vafer

wor kpi eces 21 to be treated are positioned near an outer edge of the wafer
support 90 and t heAslopmstr¢an snd of tht euh Eamenatralizarid isadjedeat theémplintayiony a

notor 92. An qutput,_ shaft of the tor 92 is coupled to a support drive
shaft 94 by aC%B-EH%Fr é%?v%ﬂiettg? SETRIEPRAuCtqs avaderBRFPIeass Aicars Haplantgd wath iohe waf er

support 60 ey, Bered Hadkd tYl];Cfﬁﬂ%ﬁEioﬁ ChidiberGt'h Hﬁk-sﬁ%&f

: _ it (RTMA1 92. The
i on beam 14 strikes the wafer workplieces as they r atsee&?cr? a %tl reul ar pat h

at a rate of whidpiccd 2@fpoRFN. Wafdr synplepiecrnRdto B8 trehtsd ardrpositionad headdn sateew 99

to transl ate the ort 90 verticall sho by arrow | abeled "A" in
Figure 2). THY eﬁiﬁfﬁp\ygf[emp&)pgﬁg alng\,\geyﬁl‘(;)port\{?rotz%ed at a constant angular velocity

by a motor 92. An output shaft of the motor 92 is coupled to a support drive shaft 94
by a belt 96. Alternately, the support drive shaft 94 of the wafer support 60 may be
dir‘ectly coupled to the output shaft of the motor 92. The ion beam 14 strikes the
wafer workpieces as they rotate in a circular path at a rate of about 1200 RPM. A
stepper motor 98 also drives a lead screw 99 to translate the support 90 vertically
(shown by arrow labeled "A" in Figure 2). This permits multiple rows of
semiconductor wafers to be implanted during a production run. The workpieces 21
are loaded and unloaded through a load lock to allow the beam line to remain
evacuated during loading and unloading. The implantation station 16 is pivotable
with respect to the beam neutralizer housing 75 by a flexible bellows 100 (Figure 1).
The ability to pivot the implantation station 16 permits adjustments to the angle of
incidence of the ion beam 14 as the beam impacts wafers within the implantation

chamber 22. A Faraday cage 110 is mounted behind the workpiece support 90 and is



sem conductor wafers to be inplanted during a production run. The

wor kpi eces 21 are | oaded and unl oaded through a load lock to allow the beam
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to continuously measure the average kinetic energy of an ion of the desired ion species

in the ion beam 14. The average kinetic energy of an ion is calculated based on the
'éverage velocity of an ion pulse when traversing a predetermined distance, d, between
first and second sensors 210, 220 of the apparatus 200. The energy measurement
apparatus 200 of the present invention measures the average kinetic energy of an ion
in the ion beam 14 about 20 times per second.

The ion beam energy measurement provided by the ion beam measurement
apparatus 200 of the present invention is capable of being nearly instantaneously
updatable and for a 1 megaelectron volts (MeV) boron ion beam with a 1 nsec. timing
resolution, is accurate to within +/- 0.5% of the true energy value of one ion of the ion
beam 14. Further, since the ion beam energy measurement accomplished by the
energy measurement apparatus 200 takes place in an interior region of the implanter

10 where pressure does not change significantly during a production run, the time-of-



apparatus 200 of the present invention is capable of being nearly

I nst ant aneously updatable and for a 1 nmegael ectron volts (MeV) boron ion
beamwith a 1 nsec. timng resolution, is accurate to within +/- 0.5% of
the true energy value of one ion of the ign beam 14. Further, since the ion
beam ener gy neasurenent acconplished by the energy neasurenent apparatus
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Thus, the peri.od, T, between adjacent pulses in the beamline is the
reci procal ofCIf“ili‘éth?%Eﬁﬁ‘é‘Héﬁ?:to wathin ¥/ 197 of true beam gnergy). =1/ 13.56

MHz Thé& apparales TP Gkes advant%e éﬂ}hél?'ﬂ.k {HaPtheliGn bOQRIHAESTS an;:l
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In addition to the first and second sensors 210, 220, the apparatus 200 includes
energy measurement circuitry 202. The energy measurement circuitry 202 includes
'iim-ing circuitry 202 for determining the time, t, for an ion pulse to traverse the
distance, d, between the first and second sensors 210, 220 and conversion circuitry
206 for determining the energy of an ion in the ion beam 14.

The timing circuitry 202 first determines the delay time, At, between a first
pulse passing the first sensor 210 and a second pulse passing the second sensor 220.
That is, looking at Figures 3 and 34, at time, t1, the pulse PO passes through the first
sensor 210 and the pulse Pn is approaching the second sensor 220. At time, t2, the
pulse Pn passes through the second sensor 220. The delay time, At, is equal the time
for pulse Pn to travel the distance labeled Ad in Figure 3A, that is, At =1t2 - t1.

Operatively, a dual channel digital oscilloscope 230 is used and digitized

waveforms of the type shown in Figures 7A and 7B are generated when pulses PO, P1,



pul se passing the first sensor 210 and a second pul se passing the second
sensor 220. That is, looking at Figures 3 and 3A, at tine, tl1, the pulse PO
passes through the first sensor 210 and the pulse Pn is approaching the
second sensor 220. At tinme, t2, the pul se fn passes t hrough t he second
sensor 220. The delay tine, [err]t, is equal the tinme for pulse Pn to
travel the dipg!RRemrbahahedrdde { QuE; , [ b= .
Qperatively, a Igdual channe?lir@i arlispg?i(gg{gglfrﬁ'gégtggggvggp};%gguié@dl)glr’]{g&dxf(a%h zed
wavef orms of pabsethtoygh thhsacond serboig2B0eFigite aBY Tht digRizgé datadé eddwhen pul ses
PO, P1, : . . 14 P2 pass

t hrough the fRlcelatethssess-somelatipnyalue, A a2 fitnstion of deay time, AY as felloys:

P(n+1) pass throu E( 8 S 20 (Figure 7B). The digitized data

is used to cal cu%Ay]fhe?@?@gg@oqr&aéti on value, C(At), as a function of

delay tine, Mher@&‘l{t)’-’* |t1f[i?é/\&i'gitized data reffeédeling the wave®drhd siéﬁa}%&ﬁerﬁ?eé %Ehe:
veform

[err]t)] dt where: T1 (t) = the digitized data representing the

signal gener awéss Rypassiag ph fiwst ROseradddi ng the first sensor 210; f2(t)
e 2L 220 ) LR 350 Mt SR BBl NS A, o
si gnal gener gasdindiheiebsiRl RRAsdregpns; and t" = the time at which the
wavef orm si gnal geperated by pul se PO ends. To find the best

approxi mation of det the tirherat wiich thei wivefant sigad! geserated by Ipalse PObegmsapdng
fromO0.0 nsec. to ¢tine T (the rj od between pul ses, 73.7 sec.) are
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cross-correl ation val ue, C(At f}{ﬁﬁ?xzﬁgté?%gf:e aya{sujﬁtg ’hAe’ eg"?érgg%lr“ %Q:&frr%ﬁkllyothm%f
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waveforms with slowrise times or with 1 ow signal- to-noise ratios.

of determining the delay time is robust in that it is less effected by the particular shape

of the waveform signals generated by the sensors 210, 220. Further, this methodology

is accurate for determining delay time even when the waveform signals have a low

signal-to-noise ratio. In contrast, time delay measurements using level crossing

methods tend to be corrupted for waveforms with slow rise times or with low signal-

to-rioise ratios.

Knowing the period between successive pulses and based on an approximation
of pulse velocity from the FEM control circuitry 40, the elapsed time, t, of the selected
pulse PO traversing the distance between the first and the second sensors is calculated
by the timing circuitry 204 using an appropriate algorithm. The algorithm, not
including calibration corrections described below, is as follows:

t= t(offset) + At

[Nx (1/F)] + At
= [NxT]+ At

where: t(offset) = an offset time for the selected pulse to traverse a distance



Knowi ng the period between successive pul ses and based on an approxi mation
of pulse velocity fromthe FEMcontrol circuitry 40, the elapsed tine, t,

of the selected pulse PO traversing the distance between the first and the
second sensors is calculated by the ti m?9 circuitry 204 using an
appropriate algorithm The algorithm not”including calibration corrections

descri bed bel ow, | llows: . .t =i(off =
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time for the sel egéng.girsﬁul se to traverse a distance

15 | ess than the predeterm ned distance, d, between the first and
second senblor the expected inkger numbenad pulsesibétweenyde finsiabésecohd pul ses
bet ween the first and second sensors; F = the frequency of

the ion pul ses; 50895, T — the time period between the ion pul ses.

As expl ai ned above.= #ReehhdRyREMQdn plisedet Ween pul ses is known (T = 73.75
nsec.) because the frequency of pulses is known fromthe rf ion accel erator
18. The nunber of Tputhsdime prioddtetveeen thhmnfpulsss. and second sensors is known

based on the FEM ener gy. approxi mation An [rical chart.is shown i Figure
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circuitry 204 wo e data to determi’ne an appropri té value of N
dependi ng onktVighosphposistiowhean ist geaeiatnd, theanmibér afiphlsdseNdisN=+2edHzeam
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Data corresponding to an empirical chart of N values such as shown in Figure
8 can be generated and input to a memory accessible by the timing circuitry 204. The
timing circuitry 204 would access the data to determine an appropriate value of N
depending on the composition of the ion beam 14 and the desired beam energy.
Alternately, the timing circuitry 204 may calculate the expected number of pulses, N,
between the first and second sensors 210, 220 directly knowing the time period, T,
{)eﬁlveen successive ion pulses and determining the estimated time for a pulse to
traverse the predetermined distance, d, based on the FEM energy approximation. That
is, based on the FEM energy approximation, the timing circuitry 204 can calculate an
estimated velocity of an ion pulse and thus an estimated time for the pulse to traverse
the predetermined distance, d, between the first and second sensors 210, 220.
Once the elapsed time, t, of the pulse PO traversing the distance between the
first and the second sensors is accurately known, the conversion circuitry 206
calculates the velocity of the pulse PO as follows: v(pulse P0) =d / t, where d is the
distance between the first and second sensors 210, 220. Finally, the conversion
circuitry 206 calculates the energy of an ion, E(ion), in the pulse PO using the
equation: E(ion) = % m(ion) v?, where m is the mass of an ion of the desired ion

species in the beam 14.



traverse the predetermned distance, d, based on the FEM energy o
approxi mation. That is, based on the FEM energy approxination, the timng
circuitry 204 can calculate an estimted velocity of an ion pulse and thus
an estimated tinme for the pulse to traver t he predeterm ned distance, d,
between the first and second sensors 210, 220. Once the el apsed

tinme, t, of td&%b?a‘fﬂoﬁ‘i’r?&dhfe@"emi ng the distance between the first and the

second senso known, the conversion circuitry 206 cal cul ates

the velocity of t Galibrdtivg préedsres atd &M\ﬁ'red\/t()léﬁ!slﬁ@t}ﬁ@)he-_en@rzg/g rheasifRieft d 1S
t he di stance between the first and second sensors 210, 220. Finally, the

conver si on ci3PRYRius 200 prmesueng thecosmepleandrpseupteshergy of e ioEbeam)14. Thetehe

ul se PO usi L on; ion).=,1/2 ion) v[err], re.mis, the
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16  Cal i br at ithdagpaeted20eeither separatdipb Y mtRRatidn0 aHE YhBSaféEprotdtirkLd t O
ensure that the energy neasurenent apparatus 200 is neasuring the correct

and accur at e eHBdeyy of the ion beam 14. There ?rebf our Icfal i 3rgti '?E
procedures or technigyes that .can advantageously be utilized by the
appar at us 200 eit ﬁgr&g%mﬁ?é%?@e 949 conbi nation. The calibration

procedures incl udeg) ven'ﬁcationaéing)aieéﬁsﬁbﬁi@p&l:hﬁia&ani que; 2)
verification using the speed of llcgl t techni que; 3) insertion of a

known del ay |ine tBciaetjor of akugwn delay line teckiques@ndfor DC- beans of known

ener gy technique. N of these techniques, with the exception of DC
beams, use an ext e@n‘éﬁeogi%(ﬁdgf‘am%? oSt Tt 13%% tinme-of -flight sensors

210, 220 from a sepRbRitRsélebRaludSRah MException of DC%laamf], u-gg'gn Rakansed
signal technique uses a single signal that is split wth a balanced

splitter in ignabivecidseintoic swo tioresoflight seasnrs he) 220eramn gepasatasignalhen sent
into the two sensgrs al ong cables with identical |engths. The result is two

si gnal out putgsen?rraoﬁ‘ithe two sensors 210, 220 with zero del ay between t hem

Measur ement of a fijni terl@eeﬁa@é&xcé&éﬂgﬁﬁﬁe&ﬁ%ﬁe"t@eéﬁﬁag%g%@ﬂ%ﬁ%is@l#xbftﬁ case

indicates that there is sonme timng inbal ance bet annel's used
to measure t Halanged splitteain bityned ©e tWheensesB 10, 220, ahé thdmgmlca? thenashr ement
I's therefore ifitohe %\;/g rs]éns%}s a. o C%Heg Ev'\s;ith identical lengths. The result is two signal
outputs from the two sensors 210, 220 with zero delay between them. Measurement
of a finite delay between the two sensor outputs in this case indicates that there is
some timing imbalance between the two channels used to measure the individual
signals. The result of the "balance" measurement is therefore a constant timing offset
thats included in the algorithm used to calculate the beam energy from the measured
average ion pulse or bunch velocity.
2) Verification using the speed-of-light technique uses a signal
propagating along a rigid coaxial cable with a velocity close to the speed of light. The
cable is inserted through the two sensors 210, 220 in such a manner that the sensors
produce pulse signals each time the propagating signal on the cable passes the sensor.
The time delay that should be measured in this case is At=d/c, where c is the speed of
light in the coaxial cable. If the measured time is different than this value, it indicates
that the distance, d, between the two sensors 210, 220 has changed from its nominal

value, and a new value is found from the calibration procedure, and subsequently used

in later energy measurements. This method is easily implemented on a bench-top



that is included in the algorithmused to calcul ate the beam energy from

t he nmeasured average ion pulse or bunch velocity. 2)

Verification using the speed-of-light technique uses a signal propagating
along a rigid coaxial cable with a vel oci by close to the speed of light.
The cable is inserted through the two sensors 210, 220 in such a manner
that the sen i i | vorgaal on
t he cabl e paégsggmlt% hggés{g%s%ﬁﬁ%gis%?ﬁééﬁ%g?%{}hh@? Sérﬁgu (}@Egg@n%%g%r ed |ﬁ this
case is [err befoié the thebé flight sppaietusPpErd indtallédghthd impléreerciiealond theabl e. | f
the measured tine is different than this value, it indicates that the

di stance, d, bsamlieeh4the two sensors 210, 220 has changed fromits noninal
val ue, and a new vgl ue 4s, . ] e i: @%11' q .“n%%“r

subsequent |y usedvﬁn | a tgerlkge#e?%béfa?rle&éé&(r}lr%é@#sg |§he§é§'ho it(gthggsglgTdyOf

i npl ement ed QiphendeadsbmemPechnique described above, but in this case, a cable with a known
17 systemso that the effective distance between the tw sensors 210, 220

can be veri f idstaysaneispasitioned heiween theitypprehssalHraaccomts delay tiae anpaadlen t he
i npl anter 10 .al ong .t ine 14. . i i nown
dglp ay line t 8 ﬁ?ﬁslrﬁ &gﬁi%g&g?@ﬂ r%‘?as?rgdtuﬁlélgs? pné:gggrgfanfn}g%t) ‘?r‘észé‘%? feéggﬁ%t t?éﬂé‘“hni gue

descri bed abqyBle with tHeieldyi lhe@ag ¢he tamé d6llaf betwichn thetn@veansieloasput sigrals &
positi oned between the two probes. (The accurate delay tinme on a cable is

easi |y and acveasured: \if theanesswad tisierslay ipdiffasent thandhe gkpecieddeldyding. 1 s i nput

h bl e wi,t h del | i h |
out put 51 gnal iRt efhe i BRRAR ek Wenife Bl AFEFGhehRde ol 0 TE0C!

the expected ggteddion Ftkor it theh Mboftr@ed it dlgoritRiiEo chidulag: dnel/ feoin ehe
bet ween the two anal ysis channels, and a correction factor is then

i ncor por at ed timedekalie al gorithmto cal cul ate energy fromthe tinme del ay.

4 The DC-b |'i brat i t echni i ted
S0l ely by a DG vol thge ARpPLerBL ol Brtpahie FhaBTbARElShE PRIGRT O

ion source 12ldih®yaBCapitade Hplibd fb the akirddtiok RMorole 34 dffiinpldre iacsinracy of
t he vol t age angEd to the extraction electrodes 34. A small RF signal is

i mposed on t h&2.CEhderarghof sush ey inkeaya o Withindhe aggurasy obthe veitaghapplied
el ectrodes within one of th les 18 8b, ,18c, 18 3 he ion
accel er at or 1§§’. th%ﬁﬁ{g?cnﬁf—‘ eﬁﬁfg'ﬂfq%t 0 SIBﬁﬁgF&gBaééW@S%&g?n éﬁz)ngée%ﬁgyaver age
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time-of -flight apparatus 200, an expected tine delay, t(expected
18b, 18c, 184, 18e¢ of the ion accelerator 18. Small RF modulations on a DC beam do

not change the average energy of the beam. By measuring multiple DC ion beam
energies with the time-of-flight apparatus 200, an expected time delay, t(expected)
(fo‘r-a given species) is available for accurate system calibration. The formula for
t(expeéted) is: t(expected) = d/v, where d is the dista.ncé between the first and second
sensors 210, 220 and v is the velocity of ions in the DC ion beam.

First sensor operating embodiment (inductive-type sensor)

A first preferred operating embodiment of the ion beam energy measurement
assembly 200 includes first and second inductive-type sensors 210, 220 (Figure 5)
electrically coupled to the energy measurement circuitry 202 (Figure 3) and
particularly the digital oscilloscope 230.

The first sensor 210 and the second sensor 220 are spaced apart by a
predetermined, known distance, such as 25 cm., and are positioned adjacent the ion
beam 14 downstream of the FEM 32 and upstream of the implantation chamber 22.

The inductive sensor 210 includes a conductor 314 wrapped around a core



(for a given species) is available for accurate systemcalibration. The
formula for t(expected) is: t(expected) = d/v, where d is the distance
between the first and second sensors 210, 220 and v is the velocity of ions
in the DC ion beam First sensor operati enbodi ment (i nductive-type
sensor) A first preferred operating enbodi mrent of the ion beam
energy neasu : i Fﬁ,% i B Q bipgluctdve-type
sensors 210, 0 8!‘:7‘{1813? Sa)én%%}cépg%% ylfgo&%{'fgﬁl g’(’)ﬁft%%e&g)rrlerégly meée/lsurenent
ci rcui try 202h{dedgmnd és Rysitionetd sp shat theltibabeaym bhamdingild phasses thirdbughsthe pans@30.
The first sensor 210 and the second sensqr 220 are spaced apart a

pr edet er ni ne&ﬁo‘l’(ﬁ 1247es-a b inductivg S&gsozélemfﬁéﬁfgt {IPpEY WégY%tdFE%ent
the ion bea : pqo] ation
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wr apped ar ourREM hoasifig 33 to support the sensor 210 in a proper position with respect to the ion 18
material wth hi gnetic perneability 312. Preferably, the sensor 210 is

h ma . : bl y, |
ri ng- shaped b&ﬁ@q}eémd&?i 4. oheeroad indystive spasIROLEOM Bsmilashebaliedda B es
t hrough the : L QcE The j t 4 I&tgrgg is affixed
to a support %ﬁ@%@é@teﬁ%ﬂ@ﬁéﬁg h%gg{%tb%an%lnéégfdn%%gﬁidg%gb e 8{5%‘72%(8 bolt 219 to
an appropri atdewngtredm of thedirkti #Asc@210he FEM housi ng 33 to support the sensor
210 in a proper position with respect to the ion beam heamline 14. A
second i nductive sEHdBAuQtiySiSeRIeHRRY the advanigaenfbgingdnseasitivetospactphasss i at e

interior portj : ] LLectl ucture 50 downstream
of the first r?&ﬁg@%atx%%@&@% E&Bﬂ%{g@foﬁ%(é%&h&g?@g%g%s}%as t he advant age of
bei ng i nsensi8dcurd ensSipatiodimantgeapieliivealparsintal) ef fects as conpared to

capacitive-type sensors. Second sensor enbodi nent (capacitive-type sensor)
A second pr ef er r edA§prangdtnrefgredBpapigembadimgat ofghe vadepa By neasur enent

assenbly 200 j ik : | Llve- S ,
(Froure o) orBofliiay oiseabinfth RERANhEARRELLECANRR RIS Shiaiitto, 320
The first andFrsgeetyecle@risallyscotipld t3 2L ey ledsutenadnt Lifcustry D61, UTIRe S8t &l Y
the first sensor 310 will be discussed in detail. Turning to Figure 6, the

first sensor Reond sensgpplPsEd ase idgntical i stpicdurg(sa 98lnthe rst sensapdid) will be
hi ghly i nsul af.] rial h _asxgl as Vi n : er
port i on 313, SRASBhTelE SR EASE ALt A fe PRI L
portion 313 pshapédflays t@be BIZhRge bhehighly iddmtidgmatbhial Judhes gihss dhdsharing
| ongi t udi nal

an arcuate upper portion 313. The sensor 310 is positioned such that the arcuate upper

portion 313 partially encircles the ion beam 14. The tube 312 has a longitudinal
central opening 314 through which a conductive lead 316 extends. One end of the
conductive lead 316 terminates at a distal end 317 of the arcuate upper portion 313
while the other end of the conductive lead 316 is coupled to the oscilloscope 230. The
conductive lead 236 functions as a negative plate or cathode of a capacitor while the
ion beam 14 functions as a positive plate or anode. As the current of the ion beam 14
changes, the charge on the negative plate changes. The conductive lead 236 is
appropriately discharged through the energy measurement circuitry 202. The negative
capacitive pick-up of the first sensor 310 is sensitive to the electric field of the ion
beam 14.

As can be seen in Figure 4, the first capacitive sensor 310 is affixed to a
support member 318. The support member 318 is bolted using a bolt 319 to an
appropriate interior portion of the FEM housing 33 to support the sensor 310 in a

proper position with respect to the ion beam 14. The second capacitive sensor 320 is



.central opening 314 through which a conductive | ead 316 extends. One end of
the conductive lead 316 termnates at a distal end 317 of the arcuate upper
portion 313 while the other end of the conductive lead 316 is coupled to
the oscilloscope 230. The conductive Iead1@36 functions as a negative plate
or cathode of a capacitor while the ion beam 14 functions as a positive

pl ate or ano . I . the | . nar.ge on
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capacitive pick-up of the first sensor 310 is sensitive to the electric
field of the 3d3ANtAEHAA bring more sensitiye thag theBdudtivg-type NgAIre 4, the first

capaci ti ve fseﬂg%{q@&é e%e%&fdl%%&ehjggggsgéﬁﬁﬁ%b RORR eﬁ&g%imgrﬁe. support.
menber 318 i : T rior portion
of the FEM housi nga 3dcdnd fﬁé@ﬁ@d EmbbENRANSTthe dddtgy Mheadsur@h@QEseRDIy @8 Wi th
respect to the ion beam 14. The second caBaci tive sensor 320 is
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and directing_structure 50 do ream,of the first sepsor 31 Thi.s_sensor
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i nduct i ve- t ypaulseotfiversd iiigedistanded, H Ibtwediethe YirdtRag HERHE Bénsas 29 0P220. 40 -
Second enbodi nment A second preferred enbodi nent of the energy

measur ement  a8kskans secomd sensors havethe simo epnfigination asidesgiibged irethgipreviets 400 in

Figure 4. The_tim.ng cikcuitry 404 includes a .del ircuit. 408 fo
calcutating s en ot ierE g R gfrL e E3dl st £ e
di stance, d, éiﬁ%ﬁ@&ﬂpﬁlh@isftimﬁibyatﬂétiﬁﬁ@@ﬂdoﬁﬂi&&@ﬁiﬁgzﬁ&itﬁam. The first and
second sensors have the sanme configuration as described in the previous

enbodi ment. The caTb@ﬁEﬁé@wée2HVH@éh¢@ﬂmhéS@§962%¥mﬁhem@éﬂa¥1bYE@QﬂmEmé
insure that a_si ngil.e i
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spaced apart fywrdereail ofaRSIFBMEI PRAILE i&%@brﬂ@eﬁf&mzoﬁmls__éd%d beam 14. The
first sensor 210 is positioned just downstreamof the FEM 32 while the

second sensor degustiesmdifdhe Sestl s@Bor2h0. ddhes an Earpudse supleas the pulse PAPasseg 10.
When an ion pyl such the pul se PO passes, the fir.gt sepnso 0, the
sensor gener A IR BF ofite® frrere B R PP el Ensl it A FET B bR e The
first timng giokdiggerhé ﬁi_&ﬁnﬂﬁ?dﬂffeﬁé‘n@iﬁﬁ:‘? 430 pRFEHSISSnARdR RE opElafBRd]
anplifier, such as the FairchiTd [err]A 741 operational anplifier,

confi gured asamplifemsuch as the Fairchild pA 741 operational amplifier, configured as a zero
crossing detector. When the output of the first sensor 210 crosses zero volts, the first
timing differentiator 430 generates a signal. Thus, as each pulse PO, P1, P2, P3 etc.
iraVeling down the beam path 14 passes the first sensor 210, the first timing
differentiator 430 generates a start signal (Figure 3). The start signals generated by
the first timing differentiator 430 are input to a timer 470, such as a time to pulse
height converter, of the timing circuitry 404 and to a gate and delay generator 450 of
the delay circuit 408.

Similarly, a second timing differentiator 440, similar in structure to the first
timing differentiator 430, is electrically coupled to the second sensor 220. As each
ion pulse traveling down the beam path 14 passes the second sensor 220, the second
timing differentiator 440 generates an stop signal. The signals generated by the
second timing differentiator 440 are input to an AND gate 460 of the delay circuit
408. The gate and delay generator 450 receives data from the FEM control circuitry



- crossing detector. Wen the output of the first sensor 210 crosses zero
volts, the first timng differentiator 430 generates a signal. Thus, as
each pulse PO, P1, P2, P3 etc. traveling down the beam path 14 passes the
first sensor 210, the first timng diffeggntiator 430 generates a start
signal (Figure 3). The start signals gen&fated by the first timng
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ion pulse to traverse the distance, d, between the first and second sensors
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determ ne the estinated el apsed time, t(est.), using the equation: t(est.)
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t (of fset) avqiasms‘thdssd)mbsensdtéwel ected ion pulse as it passes the second
sensor 220.

1

For a selected ion pulse, say PO, the first timing differentiator 430 generates a
start signal when the pulse passes the first sensor 210 at time t; (i.e., at the position
shown in Figure 3). The start signal is input to a start input of the timer 470 at time t;
to start the elapsed time for the selected pulse. The start signal is also input to the gate
and delay generator 450 at time t;. The gate and delay generator 450 delay the start
signal by a time equal to the calculated estimated offset time, t(offset), and then output
a logic high signal which can be thought of as a delayed start signal. The delayed start
signal is input to a first input of the AND gate 260 at time t; + t(offset) causing the
input to latch logic high.

The next stop signal generated by the second timing differentiator 440 at time
t, which occurs just after the first input of the AND gate 460 is switched to logic high
(at time t; + t(offset)) corresponds to the selected ion pulse PO passing the second
sensor 220. The stop signal generated at time t; causes a second input of the AND

gate 460 to go logic high. Since both AND gate inputs are high, a logic high stop



For a selected ion pulse, say PO, the first timng differentiator 430
generates a start signal when the pul se passes the first sensor 210 at
time t[err] (i.e., at the position shown in Figure 3). The start signal is
input to a start input of the timer 470 aj; time t[err] to start the

el apsed tine for the selected pulse. The start signal is also input to the
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gate and del aly sgeertinat memdfandpie nsdd byghe ey eycuitne464 ar deterrgng N, tioit isy
selected ion pulse is to juse an enplrlcal chart such as the one shown in

Figure 8 to dMEPRPHICTRIIESHS eignprenbeiorg ematsianddelqy,generalgr 4p@ isgwichedhe
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before the outpu gene a’tor IS sw'tc ¢ hi

peri od bet weeandoduimyegentiater 450 wats foeN = Mcwsnexp&alﬁ‘b‘qderaiwmcycﬂ@tcﬁ
corresponding to the enpirical chart shown in Figure 8 is stored in a

nmenory and i sc%@@cﬁeB?raf‘?ﬁié’S‘t FriiFg senspeal @ #s,2 vesult phiogeudsepPhend R2 pessing the
h
ow many ion Qﬁlgoéﬁﬂl gbsé[gqgﬁrtgthe %eg{eﬁﬁgysgggi’g 8%&%%6 dhsdF E'Fdf R«% 450 IS

switched to |og exa or ous T'o

gener at ed, t h@o@ﬂﬁvapahsekglthm igene Eﬁﬁ@igiﬂﬁ&ub@dqh&ntfte lthd\beYeo?edet&ﬁﬁgﬁdlve
radi o frequency cycles or counts generated by the first sensor 210 as

a result of |}63H’e<&§f3% é%nqﬂite%hnﬁpﬁrﬁtdgmnﬂgilifwen%?éﬁe , thep theipae audaelay o t he
sel ect ed |on t 0. After two cycl es have passed,
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that is, seq & selected start signal
Assummg that the period between successive ion pulses (if cycles) is 73.75

nsec., the first timing differentiator 430 would generate a start signal approximately
every 73.75 ns. A delay of N = 2 cycles would cause an offset time, t(offset), of
t(offset) = 2 cycles x 73.75 ns. = 147.5 nsec. after an ion pulse start signal is received
from the first timing differentiator 430. The gate and delay generator 450 would only
generate a logic high output after receiving two start signals subsequent to a selected
start signal (corresponding to a selected ion pulse). This pulse counting by the gate
and delay generator 450 would enable a logic high output from the AND gate 460
upon receipt of the next stop signal from the second timing differentiator 440.

The conversion circuitry 406 (Figure 4) including a multichannel analyzer
(MCA) convert the elapsed time, t, of the selected ion pulse PO to an energy of an ion,
E(ion), of the ion pulse PO. The velocity, v(pulse) of the selected pulse PO of the ion

beam 14 is determined by the conversion circuitry 406 using the formula,



have been generated by the first timng differentiator 230, then the gate

and del ay generator 450 switches to a | ogic high output. Assum ng
that the period between successive ion pulses (rf cycles) is 73.75 nsec.,
the first timng differentiator 430 woul enerate a start signal
approximately every 73.75 ns. A delay of = 2 cycles woul d cause an of fset
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di fferentiator 440¥hile the inverfibs haobscerdeseribedibesdin irf ifs df¢fen(iFipesfereedt)

i ncluding a multichannel anal yzer (MCA). convert the el apsed tine, t, of the
sel ect ed i on Spthodimeny of gmhpdigicatsgihose skiled sythe gxtivgHrecognizekatioier pul se PO.
The vel ocity, . . .S o . 1.0 mJl4.i

det erm ned b)5n tﬁg%gﬁégg gibggﬁ%@%lgﬁhﬁge%@%ggﬁgﬂ% hné'gg%érnrrqugl,?% mt%ndedsto

22 v(pul se) chinh 41l iodiffestichsdng veliistiaRas fAPKNERIMNhE Bedpkiof fie iatéhtipacond
sensors and t = elapsed tinme for the pulse to travel fromthe first sensor
210 to the second sensor 220. Once the velocity of the pulse, v(pulse) is
determ ned, the energy of an ion in the pulse, E(ion), is determ ned as set
forth in the first enbodi nent descri bed above. VWil e the invention
has been described herein in its currently preferred enbodi nent or

enbodi nents, those skilled in the art will recognize that other

nodi fications may be nmade w thout departing fromthe invention and it is
intended to claimall nodifications and variations as fall within the scope
of the invention.



23 CLAIMS W claim 1.

An ion beaminplanter (10) for directing an ion beam (14) against a

wor kpi ece (21), the inplanter (10) conprising: a) an inplantation
station (16) defining an inplantation ch er (22), the workpiece (21)
supported within the inplantation chanber™(22); b) an ion source

12) and ion acceleration assenbly (18 ating the ion beam (14), the
i(on beam (14) conprising a series of i%%gy'éses (PO, P1, ..., P(n+l)), the
pul ses (PO, P1, ..., P(n+l)) spaced apart by a predeterm ned period, T, and
traversing an interior region (52) of the ion inplanter (10) extending from
an ion sourcéN‘(‘ilﬂy’“:to the i nplantation chanber (22); and c) a

time of flight enegr ¢ r . for i an .aver age
i net ¢ energy of Tan i g PArean o RRRR e dfctthe sl FARK 14 ey °1 R
i on beam ( 14)workpiecea2¢y, ghe imAsteroNéompsiigat us (200) i ncl udi ng:

1) a first sensor (210, 310), and a second sensor (220, 320) disposed
adj acent the ion B#am (R4Wpltitiop statignsl Ordsfiaingraniimpiangitionshamben(3e), the ;1e
second senso A L0 l.ea . & fir sensor (210, 310),
the first seﬁl"{soglrgﬁ%fléi?ﬁgﬁ na(g‘ﬁgtggq?’%émgwggéﬂ%F %%%%%@’i on pul se of the
ion beam (14) pas%gs tha ibh gcsiirceaﬁa;eﬁd {oaHceletafion m%bt;msyg&@&a@g@gg

(220, 320) generating_ a_ signal en an ion pulse of the ion beam

passes the sd¥bbrisEifddhe joigpamy(1d) comprising a series of iorpulses (PP, RIng..ci rcui try
(204) electri | | he i cond_se sorsg% 10.. . 220,
520) and: P, GEHRAETRDPE 50h B Bt ARETRY BREG R PRiRd A w0 1 on
pul ses, N, i mravbreingQin iRRAGH REISHED) diBe fdd indplainet (F6rONchdREeMSNn(i8d0, 310,
220, 320) based on the approxinmation of the ion beam energy (E(approx.);

b) cal cul &pwieg (b tetiesiatplantation chaabes@R); anflor t he sel ected ion pul se
using the fornula, Bt(offset

=. . d
e sq 4 s be figh fpetey BBuranent arpasaus (300 frgneasuihe g | ne

determ ning an el a

pr edet er i nedvéﬂa%é Rivetic brdrppenNad 108 (E(ibH)) imMelcaas ARElesR $&H Suléldfhe KO, 220,
320) utilizing the signals generated by the first and second sensors (210,

310, 220, 32@pamdd4), Hee ewreUheassremsnt epnaratin@00) mcheling : and
1) a first sensor (210, 310) and a second sensor (220, 320)
disposed adjacent the ion beam (14) and spaced a predetermined distance apart, the
second sensor (220, 320) being downstream of the first sensor (210, 310), the first
sensor (210, 310) generating a signal when an ion pulse of the ion beam (14) passes
the first sensor (210, 310) and the second sensor (220, 320) generating a signal when
mn ion pulse of the ion beam (14) passes the second sensor (220, 320);
2) timing circuitry (204) electrically coupled to the first and
second sensors (210, 310, 220, 320) and:

a) calculating an average number of ion pulses, N, in the
ion beam between the first and second sensors (210, 310, 220, 320) based on the
approximation of the ion beam energy (E(approx.);

b) calculating an offset time, t(offset), for the selected ion
pulse using the formula, t(offset) = N x T; and

c) determining an elapsed time, t, for the selected ion pulse
to traverse the predetermined distance between the first and second sensors (210, 310,
220, 320) utilizing the signals generated by the first and second sensors (210, 310,
220, 320) and the calculated offset time t(offset); and

A 0 L O



24 3) conversion circuitry (206) for converting the

el apsed tine, t, for the selected ion pulse into a neasure of the energy of
the ion beam (E(ion)). 2. The ion beaminplanter (10) of
claiml wherein the inplanter (10) incIudg a final energy magnet (32)

whi ch applies a magnetic field to the ion"beam (14) to curve the ion beam
al ong a predeterm ned cuat t J i antati st at.i.on and
includes circuitry (40§§)genec$°§9 %%ntcﬁr\gﬁg%ﬁ@@ifﬁgﬁngﬁnb tﬁﬁglaf’sgﬁ t%ea&ﬂ]igﬁer gy
(E(approx.)) thasdectahionlpalsetgdia eut oftheetmRgnet the idn ath @giehj)ed.

3. The ion beaminplanter (10) of claim1l wherein the timng circuitry
(204) includes a digital oscilloscope (230) and the signals generated by
the first and second sensors (210, 310, 220, 320) are coupled to the
osci |l | oscope (230). 4, The ion beaminplanter of claim3
wherein the timng.circlidioM bé@xﬁ‘h)n'f)lanter 810) of@laim 1 Weéremth®Rdplanteefiay ti e,
At, between a tinme at which the selected ion pulse passes the first” sensor
(210, 310) araclufescniingl esersy masaei (@A whichepplieswthagnetic fiekt toitbhmioplieam passes
t he second s 220, 320): and b) calJ cul.at es e.el d
tinme, t, for e(tq%g{ose ected’ “g%?aéneﬁﬁ% ﬁ&retdﬁtgnf%\?ﬂﬂfcél?!e pafloRard 8 impfantation t

= [N x T] + [stationt(16) and includes drcuitry (B0 gérRfati@ane &ﬂ(}i&’bﬁﬁ{aﬁbn bRk i b&dngi M 4

wherein the timng circuitry (204) determ nes the delay tinme, At, by

sel ecting a varetsy (5(appeexa)) besadeorr the magnitede offtheimlagyetici frdd epplieds t hat
maxi m zes a cross correlation function value (C(At)) applied to digitized
data representing the signals generated by the first and second sensors

(210, 310, 220, 329). The ion beam8mplantcFT€0) oFR il WhERMn the i ciedudiyn 1
wherein the first and second sensors (210, 310, 220, 320) are capacitive

sensors (310, (284bincluderndigitabescillosgape (23Q)and dhd signals getesdted by thofist(2a46)
Fcr ot RoREsdiis (810396, 0, 326 WREERa ek odellfost e BSGM (19

4. The ion beam implanter of claim 3 wherein the timing circuitry (204):
a) determines a delay time, At, between a time at which the selected ion

pulse passes the first sensor (210, 310) and an earliest subsequent time at which a next

ion pulse passes the second sensor (220, 320); and

b) calculates the elapsed time, t, for the selected pulse using the formula:
t=[NxT]+ At.
5. The ion beam implanter (10) of claim 4 wherein the timing circuitry

(204) determines the delay time, At, by selecting a value of delay time from a set of
delay time values that maximizes a cross correlation function value (C(At)) applied to

digitized data representing the signals generated by the first and second sensors (210,

310, 220, 320).

6. The 1on implanter (10) of claim 1 wherein the first and second sensors
(210, 310, 220, 320) are capacitive sensors (310, 320), each sensor (310, 320) having
a metallic core (316) which functions as the cathode of a capacitor with the ion beam

(14) functioning as the anode.

M S *
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25 7. The ion inplanter of claim1 wherein the first and second
sensors (210, 310, 220, 320) are inductive sensors (210, 220). 8.
An ion beaminplanter (10) for directing an ion beam (14) against a

wor kpi ece (21), the inplanter (10) conpriski ng: a) an inplantation
station (16) defining an inplantation chanber (22), the workpiece (21)
supported within the inplantation chanber(22); b) an i on source
(12) and ion acceleration assenbly (18) generating the ion beam (14), the

i on beam (14) confri si feaosenplasensdt daim pwheen thedirstRhd second sBfgdrsl2)10, t he
pul ses (PO, P} . (n+é{dé spaced apart by a predeterm ned period, T, and
traversing an 1% 320 are eivesspsass (318e23Wn i npl anter (10) extendi ng from
an ion source (12) to the inplantation chanber(22); and c) atinme
of flight energy neasurenent apparatus (400) for neasuring an average

kinetic energy of 8an i dm jok(bean)ilplanedr(ti®dor diréctinglagGbeBedn® (1 4)dp&8st@f t he
i on beam (14%& t he e& i%neasurerrent appar atus (400) i ncl uding:
1) a firstVKmEss ? > impignter{AQ) ¢oRRESME sensor (220, 320) di sposed

adj acent the ion am : r rm.n i.stapce. a w. L he
second sensor (22%? 328‘;1 4@8%&%“3@\%%@9 rrlggid%ﬁ gh%ea nflfng)g%nq tgﬁscg?m%’?g@?}’étﬁ),
the first sersnkpiel@Q]) dipPprigewithi the gmplagia@oachaied(@); i on pul se of the
i on beam (14) passes the first sensor (210, 310) and the second sensor

(220, 320) generat¥ng #ndegjirprcsfiéhanthiongaceierntien afsemhly (18hginsrating 1he

passes the s H&fﬁ L s -1imn Lrcuhtty (404)

el ectricall y?grgup egﬂﬁ ’35% hoél l%elarrns(tmgi%odn %%Sé%%%iSesneeﬁé)ﬁoslpg"giﬁiﬂg’ll{)lﬁ 220, 320)

and cal cul at iPtg+Bj thé pleds (PO/RL, .1, FCh+ B spacedasatb P pAideRPRAMIRY ipBBOA, AN 28§ | ON

beam energy (E(approx.), the tinmng circuity (404) includi ng a first timng
d

di fferentiat V%&@@)a,n igtegartsaien(p Al lghelicur igindanter{d 6} exdarglingfrdmanden ay
LSS0 Lo bour 12 i RPN b sy 18, o
first signal whencd si grntithe bSflighteicygemessumerh&if appdratus $4005 T6{RdRurind 2 ;
average kinetic energy of an ion (E(ion)) included in a selected ion pulse of the ion
beam (14), the energy measurement apparatus (400) including:

1) a first sensor (210, 310) and a second sensor (220, 320)
disposed adjacent the ion beam (14) and spaced a predetermined distance apart, the
second sensor (220, 320) being downstream of the first sensor (210, 310), the first
sensor (210, 310) generating a signal when an ion pulse of the ion beam (14) passes

" thefirst sensor (210, 310) and the second sensor (220, 320) generating a signal when
an ion pulse of the ion beam (14) passes the second sensor;

2) timing circuitry (404) electrically coupled to the first and
second sensors (210, 310, 220, 320) and calculating an offset time, t(offset), based on
an approximation of ion beam energy (E(approx.), the timing circuity (404) including
a first timing differentiator (430), a second timing differentiator 440) and a delay
circuit (408):

i) the first timing differentiator (430) electrically coupled
to the first sensor (210, 310) and generating a first signal when a signal is received

from the first sensor(210, 310);

*
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26 i) the second timng differentiator (440)
electrically coupled to the second sensor (220, 320) and generating a
second signal when a signal is received fromthe second sensor (220, 320);
i) the delay circuit (408) electrical coupled to the first and second
timng differentiators (430, 440), the delay circuit (408) receiving the

first and second signals geriﬁrat%Q%oﬁ&ﬁm%aéalﬁe%ﬁh@; §) glg%gcal 40) and

the offset tinme, t(offset), and generating start S|ga an top signal
as foll ows: coupled to the second sensor (220, 320) and géderatingyesvesmnd $iggal ihen atsink]

| wh he first timng differentiator (430
zlo?pgsponglnnbs’ie gY?fLﬁé’z‘I hgg%:?\égéwséﬁ&é’ :ie%)élsr?]g tlhe figrs!t sensorI (210, (450)
310 : s . i i | to
: he) of fset time, t(offset): 111) the dtﬁﬁy c1rcuqﬁ!4bkﬁae&1&(f15' c8gplyl {%h@%&

subsequent t ené xepmonatmnmg dfffdrdﬁmapﬁs (430, 040)} theeechgt¢tuit @GOB el ingahe fitste,
generating a nal, when a next S|fgnal is received fromthe second
f

timng di ffe?g‘auf CQPQ 1gpals generated by Herdif ntiatosr (4P i 49) prdthe affsetiigne he

second sensokofRY and 2@herat t [ he timng circuitry
(404) wutilizi r?g tgeanst%gr%raaltn agtarct)slglslflgar{!gl”t?p Sl%?lag %é{’an el apsed tine, t,

for the selected ion puI se to traA()ers%eh&etlﬂgﬂﬁe;teefsigrmd/hdhatsfgﬂﬁﬁsbet ween
the first and seea ds rs (210 310, 220, 320); 3)
conversi on cFYeEH :}SP F‘WPI ff%flefﬂilaﬁ@r 436) %QTEPéB@UhI!g tedhe selecteskionhe

selected ion f e energy of the ion beam (E(ion)).
9. The i gﬂﬁkﬁpﬁﬁme%ﬂg%ﬁ%@al 8 wherein the timng circuitry (400)

further includes a timer (470) el®ctriwatihyapetied Gielcqudl hetHelorsbt tirhel Ng
differentiato é4§af£ﬁld 10. The i1on inplanter (10) of claim$8
wherein the fiofiSet second sensors (210, 310, 220, 320) are capacitive

sensors (310, 320), each sensor (@)10 s%gggqugﬁt Brégpxratxonoftheperxodoftlme

equal to the offset time, generating a stop signal when a next signal is received from
the second timing differentiator (440) corresponding to an ion pulse passing the
second sensor (220, 320);

iv) the timing circuitry (404) utilizing the start and stop
signals to calculate an elapsed time, t, for the selected ion pulse to traverse the
predetermined distance between the first and second sensors (210, 310, 220, 320); and

3) conversion circuitry (404) for converting the elapsed time, t, for

the'selected ion pulse into a measure of the energy of the ion beam (E(ion)).

0. The ion implanter (10) of claim 8 wherein the timing circuitry (400)

further includes a timer (470) electrically coupled to the first timing differentiator
(430).

10. The ion implanter (10) of claim 8 wherein the first and second sensors
(210, 310, 220, 320) are capacitive sensors (310, 320), each sensor (310, 320) having
a metallic core (316) which functions as the cathode of a capacitor with the ion beam

(14) functioning as the anode.
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a netallic core (316) which functions as the cathode of a capacitor with
the ion beam (14) functioning as the anode.

27 11. The ion inplanter (10) of claim8 wherein the first and
second sensors (210, 310, 220, 320) are iqductive sensors (210, 220).
12. The ion inplanter (10) of claim3$8 erein the first and second timng

differentiators ( 4%0 %Q)ioﬁ[ﬁ%léﬁEngzgﬁaLiWS %I@PJ%FH;%@@ s}pcond SENnsors .13'

Atinme of flight ion beam ener e renent asse or neasuring
an average ki 3¢0,2228; §30)aie aductive seifaro(1D, 220 uded in a sel ected ion
pul se of an ion beam (14) of an ion beaminplanter (10), the energy

measur enment assenbly (200) conpri sing: a first sensor

a)
(210, 310) and a sgcon j j i.on. hbeam
(14) and spaced aslgf ed&%ﬁ%ﬁﬁg@%%&lgﬁégé%g{érgw ?ﬂ%@e@gﬁﬁ{dsstggélodr&@ﬁgo,
320) bei ng davifietriteanss ¢430, 4e0¥ are Stroxedsig disttthinddfd), the first sensor
(210, 310) generating a signal when an ion pulse of the ion beam (14)
passes the first sensor (210, 310) and the second sensor (220, 320)

generating a si gng|3_ g’gg? _ti% Aﬂﬂglﬂqgﬁgea% eﬁ%gy hx%gﬁtﬁl?%g%(a%sd' lﬂffzﬁ)@? Et he

second sensor (220, ; CIrcu 02*04)

el ectrical | y mesitiggart sverdpe KindtRtenas of a6 Mi(B{RARIRSIudedl D a ldtedddh puke0)
and: caLcuIatin? an average nunber of 1on

. 1),
pul ses, N, i Pfgpéon beanpeldhobar igadivamympiantest(1 G thesmerayaneashisatest ¢ssambly310,

220, 320) ba . approxi mati on of the ion beam energy (E(approx.));
2) cal cul 3?@33"%5& g*r%get time, t(offset), for the selected ion pulse

using the fornula, t(ofd)set)a ﬁrstéhsa'r;(ﬁaO,dE»IO) and a second sensor (220, 320)3)
determ ning an el apsed tine, t, for the selected ion pulse to traverse the

pr edet er ni nedlisnosechadiacentthgdembeane (14) ead spased & peasistermined distance apart,3ho |
(232 b, 3%2%, ut 's%&o%{dns%ngg}?Zfd,%aa E?cigg a5% 88 r%gmb&/f tfleb ﬁrs];; iscl:nss})r &%’, 381%3&99 figsg 100" S
sensor (210, 310) generating a signal when an ion pulse of the ion beam (14) passes
the first sensor (210, 310) and the sccond sensor (220, 320) generating a signal when
an ion pulse of the ion beam (14) passes the second sensor (220, 320);
b) timing circuitry (204) electrically coupled to the first and
second sensors (210, 310, 220, 320) and:

1) calculating an average number of ion pulses, N, in the
ion beam between the first and second sensors (210, 310, 220, 320) based on the
approximation of the ion beam energy (E(approx.));

2) calculating an offset time, t(offset), for the selected ion
pulse using the formula, t(offset) = N x T; and

3) determining an elapsed time, t, for the selected ion pulse
to traverse the predetermined distance between the first and second sensors (210, 310,
220, 320) utilizing the signals generated by the first and second sensors (210, 310,
220, 320) and the calculated offset time t(offset); and

c) conversion circuitry (206)for converting the elapsed time, t, for

the selected ion pulse into a measure of the energy of the ion beam (E(ion)).
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220, 320) and the calculated offset tine t(offset); and c)
conversion circuitry (206)for converting the el apsed tine, t, for the
selected ion pulse into a nmeasure of the energy of the ion beam (E(ion)).
28 14. The energy neasurenent senbly (200) of claim 13 wherein
the timng circuitry (204) includes a digrtal oscilloscope (230)and the

signals generatedihy Uific bhdiy nRihrfGRASARAPRIOD) 6P 5 Gueaphed Lo the

osci |l oscope (230 e energ urenent asse y (200) of
cl ai m 14 whetigiing ¢ifeithy (P0AYincludesia tigytal addtoscope (230)and the sighalsegeneratd by
delay tinme, At,_ between a tinme at which the selected ion pulse passes the
first sensor thefirst andsogong sgnsors @d P sre spupledhtodhe esillescape gt%’O%i ch a next ion
pul se passes the second sensor (220, 320); and b) cal cul ates the
el apsed tine, t, for the selected pul se using the formul a:

t = [NXx T] + [ern}t. The energy medéurementhagseitdy R00ONeAGIe 18 Rthefehs eigbl y (200)
of claim 15 wherein the timng circuitry (204) determ nes the delay tine,
At, by sel ectimiag eirgprv204): delay tine froma set of delay tine val ues that

maxi m zes a cross _correlation functi.on l, u C(AL i,ed 1o di.qgitized
data representi ngaf he gle Haes ﬁgglg?g%dxgye&eggfait%% gta‘%@%é@c?ﬁgcg‘ Ar s

(210, 310, 2g{hse Baddes the first sensor (210, 310)TAE G REARY: sfﬁ%@é%h’éﬁﬂﬂﬁé attRBieH A Inkx( 200)
of claim 13 wherein the first and second sensors (210, 310, 220, 320) are

capaci tive sémsplse §a846, thas@pnd sxnser @20s120); and10, 320) having a netallic

core (316) whi ch {unct | gy 88 1850 RS For o 3RASA bolie thL d Bigull) Doam
t=[NxT]+At

16. The energy measurement assembly (200) of claim 15 wherein the
timing circuitry (204) determines the delay time, At, by selecting a value of delay time
from a set of delay time values that maximizes a cross correlation function value
(C(AY)) applied to digitized data representing the signals generated by the first and
second sensors (210, 310, 220, 320).

17. The energy measurement assembly (200) of claim 13 wherein the first
and second sensors (210, 310, 220, 320) are capacitive sensors (310, 320), each sensor
3 10, 320) having a metallic core (316) which functions as the cathode of a capacitor

with the ion beam (14) functioning as the anode.

18. The energy measurement assembly (200) of claim 13 wherein the first

and second sensors (210, 310, 220, 320) are inductive sensors (210, 220).

19. A time of flight ion beam energy measurement assembly (400) for
measuring an average kinetic energy of an ion (E(ion)) included in a selected ion pulse
of an ion beam (14) of an ion beam implanter (10), the energy measurement assembly

(400) comprising:
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18. The energy neasurenent assenbly (200) of claim 13 wherein the first
and second sensors (210, 310, 220, 320) are inductive sensors (210, 220).
19. Atinme of flight ion beam energy neasurenent assenbly (400) for
measuring an average kinetic energy of an ion (E(ion)) included in a
selected ion pulse of an ion beam (14) 0?2 an ion beam i npl anter (10), the
ener gy neasurenent .assenpl 400), conprj si ng: .

2 ay “To T R sl s APPEOTLAHR (QUhddP. 11 820)slimosebo, 320)
di sposed adj agent € idihe brlpaddih SRAGEGRPERBRES LY digtgance
apart, the secondnsenéor ?ggg?)SZO)abein%ﬁdomngt?ean1o% t%%egﬁfst sensor
(210, 310), tdessdri(22Q, 328nisang (@histreBh®)f tipefirst sdnsorgy 240,53 1@ahe filsesenaor | on

I f the j 14 he first sensor (210, 310) and the
Cecond sensor2iBz00) SEsFA eHER G oA 28 RIS IaRe ik beain (A1 Ressertag Bt on
b 14 t 0)~ . ] i .
cirout try (400 Gy oo, AEaaehd ARl (238420 generatingd signal il jon 1

310, 220, 320)ulsenat thalonbeatn (14) passaafths sdcond sensot (220f X)) , based on an

approxi mati on of iaon beamenergy (E(approx.)), the timng circuity (404)
including a first ®m nﬁmH}gfqué’Péﬁ‘t@&ﬂﬁ?h‘(tﬂ%gy,Coﬁp’é?éé‘bﬂﬂ’ fﬂgrﬁtrﬁnﬁgecond

differentiat } bikes 4 2 : t he
first tim ngosrg P%#g@elr?? ?g(%’(?rz gei@é)aﬁ%Fée:lgl'!td%ﬁ"g%%?%/ffsc:e(t)lt}pn}eégog%et)t’ Rgsefi ij‘%“s sensor
(210, 310) anappgexisration nfiioa beameheply(Baappmdxe)), the Sirgmaéirduity( 40 iinetadihg am t he
first sensor (21Q, ,31(2&_' ) 2) . the second timng

di f f erent i at oli™st Wane Gfiseeptinton(430). argpnsfimingdiffersaigar(48hantaddsn,  320)
and generating -ls(ﬁgg))nd signal when a signal is received fromthe second
sensor (220, 3%815; ) 3) the delay circuit (408)

el ectrically coupled tol}he fherfatt tanshgsieffereatidtomi4ng) eledtfiediBrdoupleans tHed 30,
440), the del gy ci rcudgt (408) receiving the first and second si %nal S
gener at ed by HFESTEeE @l Bnili0aped generdime adush sighad whea agignabis reqeneed fiqmthieset ) |

and generatin [ | and a stop signal as follows:
1) generatﬂfsﬁaé{sﬁ%&sltéh%msi gnal when a signal is received

2) the second timing differentiator (440) electrically coupled to the
second sensor (220, 320) and generating a second signal when a signal is received
from the second sensor (220, 320);

3) the delay circuit (408) electrically coupled to the first and
second timing differentiators (430, 440), the delay circuit (408) receiving the first and
second signals generated by the differentiators (430, 440) and the offset time, t(offset),
lé.nﬁ"generating a start signal and a stop signal as follows:

i) generating the start signal when a signal is received
from the first timing differentiator (430) corresponding to the selected ion pulse
passing the first sensor (210, 310); it) waiting a period time
equal to the offset time, t{offset); and

iii) subsequent to expiration of the period of time equal to
the offset time, generating a stop signal when a next signal is received from the
second timing differentiator (440) corresponding to an ion pulse passing the second
sensor (220, 320),

4) the timing circuitry (404) utilizing the start and stop signals to
calculate an elapsed time, t, for the selected ion pulse to traverse the predetermined

distance between the first and second sensors (210, 310, 220, 320); and
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fromthe first timng differentiator (430) corresponding to the sel ected

I on pul se passing the first sensor (210, 310); 1) wai ting
a period time equal to the offset tine, t(offset); and

i) subsequent to expiration of the pg?iod of time equal to the offset
time, generating a stop signal when a next signal is received fromthe

second i m ng di 1! entdbatod AP oGS RRESIGAhd e Bhplflill Sy oS! g

t he second sensor (220, timng circuitry
(404) utili zselegcte¢dhngludetintandnadsofe ofitignelesgyt of thalohibeatngEgionyl apsed tine, t,
for the selected ion pulse to traverse the predeterm ned di stance between
the first and second sensors (210, 310, 220, 320); and

30 C) NV er§) ' | e : psed
time, €, for the o0t oot Lhorany BEHLEbKat e lachs B B 1P Phe 1 on
beam ( E(i on) }iming circuitry (40@) furththiichides g Yimee (570) elentically seuled to(the Giyst of
claim19 wherein the timng circuitry (404) further includes a tinmer (470)
el ectricall ytlﬁbw)@é@“tn@a@ﬁg‘q@-rst timng differentiator (430). 21.
The energy neasurenent assenbly (400) of claim 19 wherein the first and
second sensors (210, 310, 220, 320) are capacitive sensors (310, 320), each

sensor (310, 320) 2havi H@e&né@%ﬂiéahﬁeﬁ@:ﬁt&sﬁ&ﬂﬂ) (400) oNclalin ¢ whBtinthelfitst
cat hode of a capacitor with the ion beam (14) functi oni naﬁ}’as t he anode.

22.  The enérgecnad senserdAto.3d 89, 20 uosanseitive sensomsd3ihed28). sagthienser st
d d 3 ' ' .. 310) .
200 seeong ORI S0NE e 8 RA0ne BB IS ARCHEL W e SERSRE Sed Bk

A nmeth netrc
i ncluded in avithethe ¢dretbaiofl 4pfilnstioihg asithe@nodeam (14) of an ion beam

i npl anter (10), the
22.  The energy measurement assembly (200) of claim 19 wherein the first

and second sensors (210, 310, 220, 320) are inductive sensors (210, 310).

23. A method of measuring an average kinetic energy of an ion (E(ion))
included in a selected ion pulse of an ion beam (14) of an ion beam implanter (10), the
ion beam (14) comprising a series of ion pulses (PO, P1, ..., P(nt1)), the method
comprising the steps of:

a) providing first and second sensors (210, 310, 220, 320) disposed along
the-fon beam (14) and spaced apart a predetermined distance, the second sensor (220,
320) being downstream of the first sensor (210, 310), the first sensor (210, 310)
generating a signal when an ion pulse of the ion beam (14) passes the first sensor
(210, 310) and the second sensor (220, 320) generating a signal when an ion pulse of
the ion beam (14) passes the second sensor (220, 320);

b) providing an estimate of ion beam energy (E(approx.));

c) using the estimate of ion beam energy to calculate an offset time,
t(offset), the offset time being proportional to the average number of ion pulses, N, in
the ion beam between the first and second sensors (210, 310, 220, 320) and the

average period, T, between pulses; and
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ion beam (14) conprising a series of ion pulses (PO, P1, ..., P(n+l)), the
nmet hod conprising the steps of: a) providing first and second
sensors (210, 310, 220, 320) disposed along the ion beam (14) and spaced
apart a predeterm ned distance, the secopyd sensor (220, 320) being
downstream of the first sensor (210, 318? the first sensor (210, 310)
generating a signgl WhRMhgaRe bﬂ@ul@ﬂéh%@fs&furﬁé‘@(o'f@&&%@@lén%@geﬁ@é&ﬁ%yttﬁé first
sensor (210, 310) "and the second sensor generating a signal when
an i on pul sdirgfandisecandrsehean(2104310:226,620) tvedes@mmjtl@@mcd (R, {821 ;
b) prOV|d|pﬂ§§n estlnate of 1on beam energy (E(approx.)); C)
using the eSEicHEEAOHPUSHN beam energy to calcul ate an offset tine,
t(offset), the offset tinme being proportional to the average nunber of ion
pul ses, N, in the ion beam between the first and second sensors (210, 310,
220 320) and t he4. aveTlaigacqhed obtheasliringenweengpkinsts eneaagylof an ion (E(ion))

i calculgted ffset tine, t(offset), and signals

92, usi gg

generat ed by"hHeinsiep )H’H des ity rs (210, 310, 220, 320) to determ ne
the el apsed time,;yt, foy r{r{?ﬁin R g‘?ﬂné %ﬂ H%'dl/ée%at atw ich4fe seleclfiofBt hod

of neasuring an a erage |net C enérgy of an 1on ? 5 erein step (d)

i ncl udes t hepuisesisep sheofirst sensor (210,1310) andigd %rﬁtsulsﬂ@eqmiﬁhme dt which #hhext
between a tine at which _the selected |on;@ul se passes the first sensor
(210, 310) dABPyise passes hssecandsentps22G 3348 a8d whi ch a next ion pul se passes

the second sensoryy22 ?algﬁ%lﬂ ﬁggla sed t ime, te tzéor the s%%lc&ﬁlpﬂﬁéqum%QEe %rﬂlﬂf

time, t, for the elec e us
= [Nx T + [err]t. t—[NxT]+At.

t
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