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BACKGROUND
[002] Plasma immersion ion implantation has emerged
as a highly productive alternative to ion beam
implantation. A workpiece such as a semiconductor wafer
is immersed in a plasma formed from a gas containing a
chemical species to be ion implanted, such as a dopant.
For dopant species used in semiconductors, the process
gas may be a hydride or fluoride of a dopant species such
as arsenic, boron or phosphorus. The ion implant dose
rate is a function of the plasma ion density, while the
ion implant depth profile is a function of the bias
voltage applied to the workpiece. As used herein the
térm ion implant dose refers to the concentration of ion
implanted atoms in the implanted layer of the workpiece,
the concentration typically being measured in atoms per

cubic centimeter. The term dose rate refers to the time



accordance wth a predeterm ned pattern on the workpi ece surface

establi shed by a photoresist nask deposited by a photolithographic process.
I n this oweepiwdss2ophot oresi st mask is a filmthicker thaoTtUseopenebsation
depth of the ions. For nmany applications such as doping of the source and
drain of a field effect transistor, the junction depth is determ ned by the
i npl ant depth profile, which is controlled by the bias voltage applied to

t he workpi ece. For typical junction depths, the bias voltage is relatively
high, in the range of tens of kiloVolts. The inpact of the ions within the
phot oresi st | ayer damages the photoresi st by breaking the hydrogen-carbon
bonds in the_photoresist. The photoresist is, sgfficiently gorous to permt

the free hy8f otfer335 %0 ghke tHBUGHTERS PHbIIPEEPER 1 9 he 8¢l eads to
car boni zat i appdicddienghotne esérstinplbAtabyord e lpessoohediyith 0gen at ons and,
ultimately, formation of carboncarbon bonds, starti at the top surface of
Lhe phot o e&PERPIaRiE #LAE ¢ HEF GGG BSY OAE H5Ha8™ of BF | TsRiE2a
di anond- | i keundace @saadli @b @giphstdoe Pistvmaskt Geppdident g at film
downver o, - CRRECTH DR BRE MR aun b B SURPIEr enbe I URHGRoE 1 r aps
hydrogen gasapkothicediilm theckewnwhapr ehaigenegrapdoti depdf dthehphot or esi st
the phot or oSeRF 1 110k LY SORRTG RSt BARRAC SRETRAORE OR0 oBElE & Fi m to
fail, generatdndraiontednmiandiebnh edifegtiatcapsisdiior,| ¢hel sunction

depth is determined by the implant depth profile, which

is controlled by the bias voltage applied to the

workpiece. For typical junction depths, the bias voltage

is relatively high, in the range of tens of kiloVolts.

The impact of the ions within the photoresist layer

damages the photoresist by breaking the hydrogen-carbon

bonds in the photoresist. The photoresist is

sufficiently porous to permit the free hydrogen to outgas

through the photoresist. The damage leads to

carbonization of the photoresist film, by the loss of

hydrogen atoms and, ultimately, formation of carbon-

carbon bonds, starting at the top surface of the

photoresist layer. As the carbon-carbon bonds

proliferate, a diamond-like non-porous region begins to

grow in the photoresist film, starting at the top surface

of the photoresist film, and progressing downward. Once

this region has grown to a sufficient thickness, it traps

hydrogen gas produced in the lower (remaining) portion of

the photoresist film that has not yet carbonized. The

trapped hydrogen gas forms bubbles in the photoresist

film that eventually break, causing the photoresist film

to fail, generating contamination at unacceptable levels.

Another problem is that the diamond-like carbonized

photoresist is difficult to remove after completion of



Anot her problemis that the dianond-I|ike carbonized photoresist is
difficult to renove after conpletion ofthe plasnma i mrersion ion

i npl ant atworropvess®3s. This is particularly true if the eaTiuseomlet’os esi st

| ayer has been carboni zed upon conpletion of the ion inplantation process.
Renoval of all the photoresist after conpletion of the ion inplantation
process is required to avoid process contam nation in subsequent
fabrication steps. [003] The problem of renoving the carboni zed phot oresi st
has been addressed by enploying a three-step photoresist ashing process to
remove all of the photoresist in a single continuous effort, consisting of

(1) 2 de-TonlgegterLushofs deRler sl 368.L2) ahxygen ashing

step, and ( osur éMt'o surt uric T8 ogen perOX|de
t hree-step phot:nw%anmw tenevaf qheoeessrhaghQﬂﬂnaglbtni@zﬂn(h@§ Flrst, it can

nei ther preyent Nl kSl 5o AULATEREL) Ol GAUSTdn DinbithRldng 0T fail ure of

t he photoresrs t necessarily reno t he
car boni zed photes®si fKemoVairaf ahl|tsebehwtﬂmaﬁnﬁhaﬁfthe mypgenieheni stry of

the second skepof;dden30hogk RIPEE3ECIRY: £ QNG LDt aNURA fopant spect es

such as boron om sone"areas of the workpiece, degrading uniformty of
dopant d|stPFQ@?$%NFQ%§@G§§aE¥@P\Mﬁ'ﬁpbé@@u%ﬁﬁf§%9§lcPEBQﬂ SNPRS i s needed is a
pl asma i mersion ion inplantation process that does not cause the
photoresist |ayer to fail while permtting all of the photoresist material
to be removd@93tter dHRpPELPHIM ¢t RBOVIPY driteateEROPE B2dss.

photoresist has been addressed by employing a three-step
photoresist ashing process to remove all of the
photoresist in a single continuous effort, consisting of
(1) a de-ionized water flush of the wafer surface, (2) an
oxygen ashing step, and (3) exposure to sulfuric acid
and hydrogen peroxide. This three-step photoresist
rémoval process has three limitations. First, it can
neither prevent nor cure the contamination caused by
bubbling or failure of the photoresist. Second, it does
not necessarily remove all of the carbonized photoresist.
Third, it is believed that the oxygen chemistry of the
second step of the ashing process may remove implanted
dépant species such as boron from some areas of the
workpiece, degrading uniformity of dopant distribution

across the workpiece surface.

[004] What is needed is a plasma immersion ion
implantation process that does not cause the photoresist
layer to fail while permitting all of the photoresist
material to be removed after completion of the

implantation process.

SUMMARY



SUMVARY[ 005] A nethod of plasma imersion ion inplantation of a workpiece
havi ng a photoresist nask on its top surface prevents photoresist failure
from car bwoi2satdss3of t he photoresi st. The net hod i ncl uses/uysesdbos4mvng
successive ion inplantation sub-steps, each of the ion inplantation
Sub-steps having a time duration over which only a fractional top portion
of the photoresist |ayer is damaged by ion inplantation. After each one of
t he successive ion inplantation sub-steps, the fractional top portion of

t he photoresist is renoved while | eaving the remaining portion of the
photoresi st |layer in place by perform ng an ashi ng sub-step. The nunber of
t he successivg?gon i npl antation sub-steps is sufficient to reach a

predet er mi n&8%%bn i Y BRERPE M RIE™P NI RE SISk pPBCHPLaAAER OPESCRI PTI ON OF
THE DRAW NGSf [ H0&]rkpa cktbahat ity rapRGtot&s WY Glaskhenexesmplaar y enbodi ment s of
t he present in%ention are attained. and cgg}befunderstood in.detail, a nore
particul ar GBEEFTPETENCBES (AP THRFEAEE b2 BH S Ay s G 28 18Bove, may be
had by ref evenciee tphdtlbeesibodiTiNme thber 2ol uwdeisc peatermirdgustrated in the
appended dr aw&ggss.i Iet iiog to gaentgapépggcisa%_edcet hsat cegta& QhMéelilo known
processes aré hot- disci8seTHEr & Mo n o7 der®hs 78t obscut®e ‘e i nventi on.
[007] FIG imdbptsttsiom phhssteepedeivangi a taioeordtaateomi ¢veondiehbodi nment .
[ 008] FIGS. , . i1l rate_the qr ged or
car boni zed PégY ognl?forfa%t ﬁgn%ﬁg{%odr epsolléﬁog 5¢ tn]e %h%%peQIS@ l%% ¢

damaged by ion implantation. After each one of the

successive ion implantation sub-steps, the fractional top

portion of the photoresist is removed while leaving the

remaining portion of the photoresist layer in place by

performing an ashing sub-step. The number of the

successive ion implantation sub-steps is sufficient to

reach a predetermined ion implantation dose in the

workpiece.

BRIEF DESCRIPTION OF THE DRAWINGS
[006] So that the manner in which fhe exemplary
embodiments of the present invention are attained and can
be understood in detail, a more particular description of
the invention, briefly summarized above, may be had by
reference to the embodiments thereof which are
illustrated in the appended drawings. It is to be
appreciated that certain well known processes are not

discussed herein in order to not obscure the invention.

{0071 FIG. 1 depicts a plasma reactor in accordance

with one embodiment.

[008] FIGS. 2A, 2B, 2C and 2D illustrate the growth
of a damaged or carbonized region of the photoresist

layer during a conventional ion implantation process.



| ayer during a conventional ion inplantation process.[009] FIG 3 is a flow
di agram of a process in accordance with an enbodi nent. [0010] FIGS. 4A

t hr ough 4€odepioss2oshe phot oresi st |ayer foll owi ng succepsTMS2000/064794

i npl antati on sub-steps and ashing sub-steps in the process of FIG 3 .
[0011] FIGS. 5A through 5C are contenporaneous timng diagrans depicting an
enbodi nent enpl oying RF bias voltage on the wafer, of which FIG 5A depicts
the flowate of the ion inplantation species-containing gas as a function
of time, FIG 5B depicts the flow rate of oxygen gas as a function of tine
and FIG 5C depicts the output of the bias power generator as a function of
time. [0012] FIGS. 6A through 6C are contenporaneous timng diagrans

depi cting an enbodi nent enploying a pulsed D.C . bias voltage on the

waf er, of whooH] FI G rG&.depists e Bhiayeamticr af pkbeesonid npl ant ati on

species-containig as.?ﬁ a f%ﬁf&ﬁ@” ﬁf time, FIG 6B depicts the flowrate
of oxygen g35°%% et oR” of " INEHhd FIG 6C depicts the output of the

bi as power generator as a function of tine. [0013] To facilitate

under st andi identigcal, reference. n rals h d,,. where possi bl e,
to designatzg?ﬁg ticgﬁégregén%QFQH%gtHgfgééiﬁﬁéyé%tgggﬁ% ?%ﬁﬁ?es. It is
cont enpl at edayéatfalovdanyssapcefdauies biplandagnbodswenttarsy apd

beneficialIXsﬁp&%ggﬁ%%%%gﬁian&&p%rggpggigpgﬁ§8m@thout further recitation.

It is to be note t hat” the append rawi ngs illustrate only
exenpl ary enbodi ments of this invention and aretherefore not to be

ggg;i f';r ed ltbBii] N9 Qfidst SsRCARSuchOBC! Afe | EVHRREBRaBYE Wiing0 O her
diagrams depicting an embodiment employing RF bias
voltage on the wafer, of which FIG. 5A depicts the flow-
rate of the ion implantation species-containing gas as a
function of time, FIG. 5B depicts the flow rate of oxygen
gas as a function of time and FIG. 5C depicts the output

of the bias power generator as a function of time.

[0012] FIGS. 6A through 6C are contemporaneous timing
diagrams depicting an embodiment employing a pulsed D.C.
bias voltage on the wafer, of which FIG. 6A depicts the
flow-rate of the ion implantation species-containing gas
as a function of time, FIG. 6B depicts the flow rate of
oxygen gas as a function of time and FIG. 6C depicts the

output of the bias power generator as a function of time.

[0013] To facilitate understanding, identical
reference numerals have been used, where possible, to
designate identical elements that are common to the
figures. It is contemplated that elements and features of
one embodiment may be beneficially incorporated in other
embodiments without further recitation. It is to be
noted, however, that the appended drawings illustrate

only exemplary embodiments of this invention and are



enbodi ments . DETAI LED DESCRI PTION [0014] FIG 1 illustrates a plasna

i mmersion ion inplantation tool adapted to carry out a nethod in accordance
wi t h one wohodiosens. A reactor chanber 102 is encl osed lpyrarse@vlobdvgs 104, a
cylindrical side wall 106 and a floor 108. A wafer support pedestal 110 can
support a workpi ece such as a sem conductor wafer 112 facing the ceiling
104, a process zone 114 bei ng defined between the wafer 112 and the ceiling
104. A hollow external reentrant conduit 116 extends between opposite sides
of the chanber 102 and is coupled to the interior of the chanber 102

t hrough ports 117 and 118 in the ceiling 104 | ocated on opposite sides of

t he chanber  102. _The h IIo reentr. g0 duit, 116 conpletes a closed pat h
extendi ng t FPBEEIPThEgT 50e8s SO TTas B Yl Phg abaAdePes 645
dIStrIbutIOﬂhé|fﬁ€Eﬁﬂﬂﬁh maglamhmt ap athay «fuagay effectivan orifices 120 in
t he botton1su% €¥§ %?2 of the ceiling 104 fed by an internal gas plenum
124. [0015] € &Sma sour ce power generator 130 is connected through an
RF i npedance natch el enent 132 to an RF power applicator 134. Optionally,

the RF frequency is varied org é#¥¥ i npedance match, instead of
enpl oyi ng the inpedance natch e EEDtS?% fquRF power appllcator 134

coupl es RF [H60&4] i nt FIGhelr ebhistantesoadel asril @mmenside igrbodi nent of FI G

1. the RF powel, annldicabor 134 ddickydes. A old a1Rdedoargpped around an

iron core 1 surroun section reentrantcondU|t 116. An RF
bi as power generdanre WAQhi sne@wctimgnt. A reactor chamber 102 is

enclosed by a ceiling 104, a cylindrical side wall 106
and a floor 108. A wafer support pedestal 110 can
support a workpiece such as a semiconductor wafer 112
facing the ceiling 104, a process zone 114 being defined
between the wafer 112 and the ceiling 104. A hollow
external reentrant conduit 116 extends between opposite
sides of the chamber 102 and is coupled to the interior
of the chamber 102 through ports 117 and 118 in the
ceiling 104 located on opposite sides of the chamber 102,
The hollow reentrant conduit 116 completes a closed path
extending through the process zone 114. The ceiling 104
is a gas distribution plate that includes an array of gas
injection orifices 120 in the bottomAsurface 122 of the

ceiling 104 fed by an internal gas plenum 124.

[0015] An RF plasma source power generator 130 is
connected through an RF impedance match element 132 to an
RF power applicator 134. Optionally, the RF frequency is
varied or swept to find an impedance match, instead of
employing the impedance match element 132. The RF power
applicator 134 couples RF power into the reentrant
conduit 116. In the embodiment of FIG. 1, the RF power
applicator 134 includes a coil 134-1 wrapped around an

iron core 134-2 that surrounds a section of the reentrant



t hrough .an RF inpedance match el enment 142 to a conductive el enment of the
pedestal 110, such as an insulated electrode 144 within the wafer support
pedest al WdQo10Ass®OUgh not depicted in FIG 1 , the reaeterusamyg/obimws her

i nclude a second holl ow external reentrant conduit simlar but transverse
to the conduit 116 depicted in FIG 1 . A second RF power applicator
simlar to the RF power applicator 134 depicted in FIG 1 would couple RF
source power froman RF generator into the second conduit . [0016] A gas
source 150 includes a first gas supply 152 of a process gas containing a
chem cal species to be inplanted in the wafer 112, such as a hydride or
fluoride of a dopant species. The dopant species nag be arsenic, phosphorus

or boron, foePPdPLE: The REPiaspprijelsenaratgrnti? etf t39°96GRd mass 1 ow

controll er eppAIR W RP4impsiandBindt¥Al ¥eerdhft ha2t be 4 iRiduligas pl enum
124 of the gas distribution plate or ceiling 104. The gas source 150
further incPleRR% o LelBRIPHILS @lpdity: 1%‘8C*bfasaﬁ“aéﬁF'ﬁJga‘sg%’eci es such as

oxygen. Theeséectitdiedaa4supphin 1% wareonngsiaad bbaesgdn amss flow
t he, mai n_val ve

control ler 159 and throygh. 56 to the plenum 124. [0017] A
system cont?‘iﬁ%g ?stgagaf‘h%e@l H& F&fs 11 oW SheF ?fe’ﬁ%y %ézf,t £59, the main
val ve 156, andlddee aRBegeneriablrsv E3erddD. reEme reant catdweirt 170 regul ates the
ion inplant dose rat control l.ing, the out.pu ower. of the source power
gener ator 1305 PSRBT sh Irbpraftt Bent REE et 85 control |1 ng
t he out put po®erl.of A second RF power applicator similar to the RF

power applicator 134 depicted in FIG. 1 would couple RF

source power from an RF generator into the second

conduit.

[0016] A gas source 150 includes a first gas supply
152 of a process gas containing a chemical species to be
implanted in the wafer 112, such as a hydride or fluoride
of a dopant species. The dopant species may be arsenic,
phosphorus or boron, for example. The gas supply 152 is
connected through a mass flow controller apparatus 154
and a main valve 156 to the internal gas plenum 124 of
the gas distribution plate or éeiling 104. The gas
source 150 further includes a second gas supply 158 of an
ashing species such as oxygen. The second gas supply 158
is connected through a mass flow controller 159 and

through the main valve 156 to the plenum 124.

[0017] A system controller 170 governs the mass flow
controllers 154, 159, the main valve 156, and the RF
generators 130, 140. The controller 170 regulates the
ion implant dose rate by contreolling the output power of
the source power generator 130 and regulates the ion
implant depth profile by controlling the output power of

the bias power generator 140. The controller has a first



t he bias power generator 140. The controller has a firstuser interface 172
for accepting a user-defined total inplant time T that may be sel ected by
t he user wo 2dsv@swsne the inplant dose. The control |l er p¢@/Uszo®bes7ohas a
second user interface 174 for accepting a user defined nunber n of tine

W ndows into which the total inplant tinme Tis to be divided. A third user
interface 176 of the controller 170 accepts a user defined tine t for
perform ng a partial oxygen ashing interimstep between successive ion
inmplant tinme windows. A fourth user interface 178 of the controller 170
accepts a user defined delay time d required to stabilize the chanber

pressure when transitioning between different proc?sﬁﬁgases. [0018] Prior
to plasma i HeF siHRhtEAS hpf it icoRPE P ott5eES A& F L RS K8 pl aced on the
waf er surfaggplantc@ifene thet iy bEpskandatddmbywithbi Gisér desi red pattern.

Plasma i mmer,sion jon inplantation is perforned flomng the inplant
speci es- con?ﬁ?%’f'?‘i‘d’eg&'bef %‘B%f%te (’Qoﬁﬁm yFF}_’L%fotq‘rE’frr(?géﬁrtH)é\A cfg’lrlti?’ﬁé gas
di stributi ohapl ateectdd, uappl Wty fackeved f¥r plcagpaisou asegower fromthe RF
generator 130_correspondi ng a desired inpl ant .dose rate, .and applying a
Pevel of pl 3SR 45 SBBReh T oririen e HES TR alta 8P TR0t ko ¥ e eBondi ng 1o a
desired i onimppdranttaeo® deptd ber ddepdad pr df ithe rd[ 08d9]ir@ee fappr oach is to
cont | nuous! y, Bl ptaicn LA, LPf&09A9,PLAGESS, GRAMI LIS ANk, Lhe desi Ted
concentration of inplanted 1ons in fhe er surface has been achieved. In
sone procesfes, petfigming bepartialabkpaen ashing interim step

between successive ion implant time windows. A fourth

user interface 178 of the controller 170 accepts a user

defined delay time d required to stabilize the chamber

pressure when transitioning between different process

gases.

[0018] Prior to plasma immersion ion implantation, a
photoresist mask is placed on the wafer surface to
confine the ion implantation within a desired pattern.
Plasma immersion ion implantation is performed by flowing
the implant species-containing gas from the supply 152
through the ceiling gas distribution plate 104, applying
a level of plasma source power from the RF generator 130
corresponding to a desired implant dose rate, and
applying a level of plasma bias power from the RF
generator 140 corresponding to a desired ion implantation

depth or depth profile.

[0019] One approach is to continuously maintain the
fbregoing process conditions until the desired
concentration of implanted ions in the wafer surface has
been achieved. In some processes, this may be a duration
as great as 60 seconds or more, depending upon the

selected process conditions. The bias voltage required



as great as 60 seconds or nore, depending upon the sel ected process
conditions. The bias voltage requiredto reach the desired ion inplantation
dept h maywbeommsside order of 80V to 20KV. The probl em i crhstomsxopasi ng t he
photoresi st to ions having energies in the kilovolt range danages the
phot or esi st by breaki ng carbon-hydrogen bonds, eventually leading to
carboni zation of the photoresist film FIGS. 2A through 2D illustrate
transformation over time of a photoresist |ayer 200 under bonbardnent of
ions during a plasma imersion ion inplantation process. The phot oresi st

| ayer 200 is a mask overlying a substrate 202 corresponding to the wafer
112 of FIG 1 . A s depicted in FIGS.  2A through 2D, the carbopization
begi ns at tHh8 f?ﬁf@nﬁpﬁaeésbfeqfﬁ?“pHBPb?%%?Eﬁon %ﬁPFPaT?%/b%IQQ pABt or esi st

| ayer 200 i sraet for moyFke 2:2«%) A‘h’&eoﬁrbﬁlém Qs 2B04toéxpdeinghaher esi st | ayer
200 begins to be carboni zed by the breakage of ggrbon h q& %en bonds and
out gassi ng BROHSARTGEN FOAL O EGe 8B EHIRT nfedPet LY P288 top

porti on 204dghayes downpabtofddiGt D) buaskingemarbynthedesgdn e phot or esi st

| ayer 200 hgﬁggeen carboT much of the

zed ( D S
car boni zed resvleé‘ttuﬁagyf eaﬁgdlgdfzgrr%?\ﬁlforilzatlf’ﬂon cdbon bonds, maki ng
it very di fphowteswtr émbme FI[CGDZG]‘\ throsglrer2lt aldosveattehi s problem the

controller 17 Iy t ess into
successi ve éu%n eps separa edtltr)n% % élgﬁés%gég’g?%‘gyésﬁbé@Pé’géggThe ion
i mpl ant at i ohoskredteays oéndommdmmgng slasmst dpeegséoperdror ned i n
a'ter”at'”giﬁﬁﬂﬁﬁﬂﬁﬂonEBQchss. The photoresist layer 200 is a

mask overlying a substrate 202 corresponding to the wafer
112 of FIG. 1. As depicted in FIGS. 2A through 2D, the
cérbonization begins at the top surface of the
photoresist. 1Initially, the photoresist layer 200 is
uniform (FIG. 2A). A top portion 204 of the photoresist
layer 200 begins to be carbonized by the breakage of
carbon~hydrogen bonds and outgassing of hydrogen. As the
process continues, the carbonized top portion 204 grows
dbwnward (FIG. 2C) until nearly the entire photoresist
layer 200 has been carbonized (FIG. 2D). By this time,
much of the carbonized photoresist has formed diamond-
like carbon-carbon bonds, making it very difficult to

remove.

[6020] In order to solve this problem, the controller
170 is programmed to divide the ion implantation process
into successive sub-steps separated by photoresist ashing
sub-steps. The ion implantation sub-steps and the ashing
sub-steps are performed in alternating sequence. Each
ion implantation sub-step is performed for a time
duration equal to the total required implant time T
divided by the number n of ion implant sub-steps. Each

ashing sub-step is performed for a time duration that is



ion inplantation sub-step is perfornmed for a tine duration equal to the
total required inplant tinme T divided by the nunber n of ion inplant

sub- st epswoRamhss®Bi ng sub-step is performed for a tinepdunationeibat
isjust sufficient to renove a top |layer of the photoresist damaged during
the prior ion inplantation sub-step while |eaving the renai ning portion of
the photoresist intact. During each ion inplantation sub-step, the
controller 170 sets the flow rate of inplant species-containing gas from
the gas supply 152 to a predeternm ned | evel while holding the oxygen fl ow
rate fromthe gas supply 158 to zero, and sets the output of the bias power
generator 140 to a predeterm ned power (voltage) |evel to provide the

desired i npP 8t F15P5f FP erSMPYEne GaR ke YR OTDRPF i YL S8Ry gen ashi ng
sub-step, themsqud rldiey tHO pwaildrs ibanimppattabhosubystsdoppiing power flow
fromthe bias power generator 140 to the fer p%destal llq % ile
conti nui ng 8a¥ﬁﬁﬁyfﬁé AEMA SHIF ROT53RBOF rOIR PRETRESELTT & 85%er gener at or
130) , reduoesiidieayhs ibhownmpbdreatiom &ilie-dtygpl, anhesperet wsl-leantddni ng gas
supply 152 to,a mniJmal |evel . and.establishes a predetermn xygen fl ow
rate fron1tﬁ%t%£§g%ﬁﬂgﬁpﬁﬁgefgé}“Fﬁﬁﬁg]sqﬁafghFPPgafﬁﬁﬁgﬁpgt?gﬁgprocess
i ncl udi ng t hee agjdersuppilggl S2querc@refiet aphiartd debedt epbleanmdlddhgng subst eps
is depicted,] 3 o TIh ir S st (o] ! ot si st mask
(bl ock 500 5hE pdep [lowrFats (Sior Eggeﬁgsnas%pgjgepz?éo‘tf%ﬁ&ﬁ 33 nber
di fferent frehsttie icotputppénthe ikdasppasem Jeeeredprot4FIt@ al . Then, the
pl asma. i mrepsi oty d 9N neBPhARE AL {1 1348) STERT $PBLEOLEEk he

desired implant depth profile in the wafer 112. During

each oxygen ashing sub-step, the controller 170 halts ion

implantation by stopping power flow from the bias power

generator 140 to the wafer pedestal 110 (while continuing

to apply plasma source power from the RF source power

generator 130), reduces the gas flow rate from the

implant species-containing gas supply 152 to a minimal

level, and establishes a predetermined oxygen flow rate

from the oxygen supply 158.

[0021] The entire implantation process including the
alternating sequence of implant sub-steps and ashing sub-
steps is depicted in FIG. 3. -The first step is to
deposit the photoresist mask (block 500 of FIG. 3). This
first step may be performed in a chamber different from
the ion implantation plasma reactor of FIG. 1. Then, the
plasma immersion ion implantation sub-step is performed
{(block 505 of FIG. 3) in the reactor of FIG. 1.
Thereafter, the ashing sub-step is performed (block 510
of FIG. 3) while leaving the wafer in place in the
reactor of FIG. 1. The operations of blocks 505 and 510
are repeated in sequence until they have been performed n

times (block 515). The wafer 112 is then subjected to a
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(block 505 of FIG 3 ) in the reactor of FIG 1 . Thereafter, the ashing
sub-step is perforned (block 510 of FIG 3 ) while leaving the wafer in

pl ace i n wbeoremssioer of FIG 1 . The operations of bl ocksTh820 020647540 are
repeated in sequence until they have been performed n tinmes (bl ock 515)
The wafer 112 is then subjected to afinal ashing process that renoves al

t he photoresist (block 520) . This |ast ashing step may be perforned in
anot her reactor. [0022] FIGS. 4A through 4G depict the photoresist |ayer
200 and substrate 202 during successive inplantation and ashi ng sub-steps
carried out entirely within the reactor of FIG 1 . In the exanple of FIGS.
4A through 4G the nunber of inplant sub-steps, n , is three. Prior to
ol ant ati ofinthe YHBPOPERTRR® | Uykr FoB0vSS A FBPnPRRIRECHRY . After

carryi ng outtbBodk rsto)i.onThipl Badtatasabng udx &t eayf Be peffattedonan( 1/ 3) of the
time required to reach the desired inplant dose, a first top portion 203
(FIG 4B) of"PHEDHHSESF8Er st | ayer 200 has been damaged by breakage of

car bon- hydrogen bonds and out gassi ng of hydrogen resulting fromthe

bombar dnent e i fr t.he a I.n..one enbodi nent ., the duration of
the ion inpﬂgé%%fionggégisééﬂfqﬁgughf??2?%5&%%/qﬁfn??%%P??fﬁﬁ&oid conpl ete
carboni zat i dbayef 20ve agdnagesit tade 282edul208 ppuckcesamve on of di anond-1i ke

carbon- car bon. popds.; JULLAG, & fid S ashlog SU058LERy: |G LmLant ation s
halted and the TiTs anmage oﬁfportloﬁﬂgo i'S renove ,JleaV|ng t he
undanmaged r eibhidertheofrephtophwt dilési $t (F Ghe4€ramp pe st di&Si. oA
inplantatio@h?&%ﬁﬂ‘ﬂ%, the number of implant sub-steps, n, is three.
Prior to implantation, the photoresist layer 200 is
uniform (FIG. 4A). After carrying out a first ion
implantation sub step for a fraction (1/3) of the time
required to reach the desired implant dose, a first top
portion 203 (FIG. 4B) of the photoresist layer 200 has
been damaged by breakage of carbon-hydrogen bonds and
outgassing of hydregen resulting from the bombardment of
the ions from the plasma. In one embodiment, the
duration of the ion implantation sub-step is sufficiently
limited to avoid complete carbonization of the damaged
top layer 203 by formation of diamond-like carbon-carbon
bonds. During a first ashing sub-step, ion implantation
is halted and the first damaged top portion 203 is
removed, leaving the undamaged remainder of the
photoresist (FIG. 4C). A second ion implantation sub-
step is performed, creating a second damaged top portion
205 (FIG. 4D) in the remainder of the photoresist layer
200. A second ashing sub-step removes the second damaged
top portion 205 (FIG. 4E). A third ion implantation sub-
step forms a third damaged top portion 207 of the
remaining photoresist layer 200 (FIG. 4F). The third
damaged top portion is removed in a third ashing sub-step

(FIG. 4G). Each of the ashing sub-steps may not
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is perforned, creating a second damaged top portion 205 (FIG 4D) in the
remai nder of the photoresist |ayer 200. A second ashing sub-step renoves

t he seconglodaimgsdst op portion 205 (FIG 4E) . A third ipemusomoasdi7al i on
substep forns a third damaged top portion 207 of the renaining photoresi st

| ayer 200 (FIG 4F) . The third damaged top portion is renoved in a third
ashing sub-step (FIG 4G . Each of the ashing sub-steps may notconpletely
renove all of the photoresist. Therefore, the wafer may be renoved fromthe
ion inplantati on chanber and placed in a reactor configured to performa
final nore thorough ashing step. [0023] The sequence depicted in FIGS. 4A

t hrough AG i nvo] ves successive reductions in the photoresist %s er

thi ckness. ESBASSHingeRaABE stk FerBeeRMAL Y&t ithn of " YiFot 5PBsi st | ayer .

During the hasér afayi e sURERSS| M @Rei 1M adpdlan@at Sob-Haeper t he
phot or esi st _t hi ckness .i e mninum_ The %ni tial fghot oresi st thickness

s th )
therefore sABYIRFAFES AP AcF Bt 3o ERELPE Shar PRESBER sSiPe reductions in

phot or esi st mbhé cltitessmghy abheng uegssi ve ashi ng sub-steps do not reduce the
phot oresi st thickness bel ow the ion penetration depth in the photoresist

before the final ion inplantation sub-step. This thickness depends upon the
ion energy 0P023ks va@heagevappid epdotedgin FEGSen4Anphonghsdl- st eps. I n one

R R P ot

phot or esi st thEalgtessshi Bgch ubsisirap subneverl tdarevésnagedrtimrerthyheenovi ng

about 1 nn]8£0E$¥%sist layer. During the last of the successive ion
implantation sub-steps, the photoresist thickness is the
minimum. The initial photoresist thickness therefore
should be sufficient to ensure that the successive
reductions in photoresist thickness by the successive
ashing sub-steps do not reduce the photoresist thickness
below the ion penetration depth in the photoresist before
the final ion implantation sub-step. This thickness
depends upon the ion energy or bias voltage applied
during the ion implant sub-steps. In one example, the
ion penetration depth of the photoresist was about 10 nm,
and each ion implantation sub-step damaged a 1 nm thick
tbp layer of the photoresist. Each ashing sub-step
removed the damaged layer by removing about 1 nm of the
photoresist. In this example, there were three ion
implantation sub-steps, and the photoresist layer had an
initial thickness of about 12 nm, so that after two ion
implantation and ashing sub—steps,-the remaining
photoresist thickness was not less than the ion implant

penetration depth in the photoresist.
[0024] In one embodiment, the duration of each ion

implantation sub-step is sufficiently short to prevent

the formation of a large number of carbon-carbon bonds in
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photoresist. In this exanple, there were three ion inplantation sub-steps,
and the photoresist layer had an initial thickness of about 12 nm so that
af ter twowoQmoogploant ati on and ashi ng sub-steps, the rewrarnispgophobor esi st
t hi ckness was not less than the ion inplant penetration depth in the
photoresi st. [0024] In one enbodi ment, the duration of each ion

i npl antation sub-step is sufficiently short to prevent the formation of a

| ar ge number of carbon-carbon bonds inthe succession of ion-damged top
portions 203, 205, 207. Wiile allow ng breakage of carbon-hydrogen bonds in
t he photoresi st and Ioss of hydrogen the limted inplant sub-step duration
avoi ds the formation redom nant | I structure
That st f FPETHCEe st aRu0b o0 HEPARERVETS) PaTarnE 20T aiamondD 1 ke
structure Weneld oiumeeling Br@aiddeon fotathen -ta/magadnl byeds itthendamaged | ayer
is a fractio 1/n), of the initi otore st .thickness .at the concl usi on
of the inpl Bﬁ?é%ﬁﬁ?}?@eﬁf‘ga il é’f?hégé?%"r‘é' e&Q &FME 5P RIE han an entire
phot or esi st stlaysted liatrabhasn bamdsonpéef@mammbom felhs Suah davorabl e
results may_be. ohtai ned ere rg n se_0 n tal inplant
time Tis n%ed%?i“l antﬁ c\(ré\gaa%?nr?a ll% %%rucr% aéeﬁthgf? subéls eﬁg?%n%g whi ch the
i on inpl ant agmaove . smmerdequloozsye@ef & idrmohdt heke gritnugthee 170 of FI G

1is illust he c raneo t di f FIGS. 5A, 5B and
5C FlG | oarehS e T HETRARE e MBI TR Doy 122 as a
function of d@mamed 'Ilhllygrgas eilfcmcmpnl shéw) tdfe thpetindsialo be ion inplanted
(e.g. photoresist thickness at the conclusion of the implant

sub~-step, and is therefore easier to remove than an
entire photoresist layer that has been completely
carbonized. Such favorable results may be obtained
where a larger implant dose or longer total implant time
T.is needed, by increasing n, the number of sub-steps

into which the ion implantation is divided.

[0025] Operation of the controller 170 of FIG. 1 is
illustrated in the contemporaneous timing diagrams of
FIGS. 5A, 5B and 5C. FIG. 5A is a graph of the gas flow
réte from the gas supply 152 as a function of time. This
gas flow furnishes the species to be ion implanted (e.g.,
a fluoride or hydride of a dopant species such as
arsenic, boron or phosphorus, for example). FIG. 5B is a
graph of the gas flow rate from the oxygen gas supply 158
as a function of time. FIG. 5C is a graph of the RF
vbltage output from the bias power generator 140. These
graphs depict the manner in which the controller 170
governs the dopant-containing gas through the mass flow
controller 154, the oxygen gas through the mass flow
controller 159, and the output of the bias power

generator 140.
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a fluoride or hydride of a dopant species such as arsenic, boron or
phosphorus, for exanple) . FIG 5B is a graph of the gas flowrate fromthe
oxygen gasouppisy29358 as a function of time. FIG 5C ispargeagheabst he RF
vol tage out put fromthe bias power generator 140. These graphs depict the
manner in which the controller 170 governs the dopant-containing gas

t hrough the mass flow controller 154, the oxygen gas through the nmass fl ow
controller 159, and the output of the bias power generator 140.[0026] The
first ion inplantation sub-step occurs fromtinme zero to tine A of FIGS.
5A-5C. During the ion inplantation sub-step, the i rrpl ant speci es-containing

gas flowra | s at a predeterm ned Xi mum rate, (FIG 5A), the oxygen
gas flow raﬁgo# at gggo?’(ﬁﬁm@B)lmB t'tarfe‘qf?FSBPa§t%lqcaf©‘§s g é

pr edet er m negnd exslo ¢or £t /PABENFILS. tmsinsmedngome nnant at i on dept h
FIG 5C). The RF hias frequenc be about 13 Zer o_oxygen gas
1£I ow ratZa duPR Y aﬁéof’oﬁu ?f‘bﬁ%?&g?ghm%{ﬂftstsé’ﬁcb?%v‘é?ﬁtsaﬁn(}ﬂgl HpP an%/gtl og of
oxygen. At flome nQat,e tibeabi @spfEeisee rinsnédi mizad mafnf réFé,GREQ)FIGO end the ion

i npl ant at i OE ;ubthsét%g A trans 1,ona erl %dzg(%curks ér Atotime B,
during which @ tran5|ty|g e f7om i hpakt gpém es- c&ntaal ning gas to
oxygen gas, tieirREdinksi Uhltm afvaratbea mmﬁr@may I¢wet uate. During this

transi t1 onakopardAdaihic Ll ank 30eg! 5 caphaloLoaLOaR dihowpiate (FLG. 54

i s brought down ninum r at € oxygen gas owrate (FIG
5B) is brought. uFheoRE bieatefraauency mlhmmbpatelko% ™He .dupat i on of

zero oxygen gas flow rate during the ion implantation
sub~-step prevents ion implantation of oxygen. At time A,
the bias power is turned off (FIG. 5C) to end the ion
implantation sub-step. A transitional period occurs from
time A to time B, during which a transition is made from
implant species-containing gas to oxygen gas, during
which the chamber pressure may fluctuate. During this
transitional period, the implant species-containing gas
flow rate (FIG. 5A) is brought down to a minimum rate,
R2, while the oxygen gas flow rate (FIG. 5B) is brought
up to a predetermined maximum rate Ro. The duration of
the transitional period from time A to time B, typically
a few seconds, depends upon the responsiveness of the
mass flow controllers and upon the characteristics of the
chamber pressure control system. At time B, the chamber
pressure has stabilized. An ashing sub-step occurs from
time B to time C, during which the plasma is an oxygen
plasma that removes the photoresist top portion 203 (FIG.
4B) damaged during the previous ion implantation sub-
step. At time C, the damaged photoresist top portion 203
(FIG. 4B) has been removed or nearly removed, and a
second tranéitional period begins. This second
transitional period extends from time C to time D, during

which the oxygen gas flow rate (FIG. 5B) is ramped down
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the transitional period fromtine Ato tine B, typically a few seconds,
depends upon the responsiveness of the mass flow controllers and upon the
char act erwetngssfost he chanber pressure control system pét/ustee/oBi794 t he
chanber pressure has stabilized. An ashing sub-step occurs fromtine Bto
time C, during which the plasma is an oxygen plasnma that renoves the

phot oresi st top portion 203 (FIG 4B) danaged during the previous ion

i npl antation substep. At tine C, the danaged photoresist top portion 203
(FIG 4B) has been renoved or nearly renoved, and a second transitional
period begins. This second transitional period extends fromtine Cto tine

D, during which the oxygen gas flowrate (FIG SB i's ranmp downwhi | e t he
i npl ant  spetike a‘f“ﬁ%{% t FesncPat et gGgagAf 7% rraaﬁ?pe(%qﬁ creating

some fluctuss) ofs dampeBalPLrcHR29%d! Somd\ £ hidtabions hin whygesrf low rate has
reached zero whil e thﬁﬁu?})l ant speci es-cont.ai ni ngia gas flow rate has reached

t he predet ePhf 8 Srax 2t R SRIFThe NarBEF PFessin®eHas stabili zed,

concl udi ng téeo twrains ﬁ:h@nﬂrhp.pﬁ‘rﬂ &@ec&eseztmmiaun@ngl @m aﬂto&t iramesub- st ep

begins at t e _bi as power is ain LG 5C) . The

events from't? n%edcé‘wg thet?r A% crg‘ﬁs??tu e amc5rarp e cyc ((%CE “which is

repeated n thassr wreseuneisasy strabnhezed(,arqﬁreloﬁlﬁgGSle 5A-5C. [0027] Each

ion inplantat t hav r Q onds, during
gt Ji.r?;s[t SRSl 8RB, DAY BeBoUT Ald b0t 2 \% )66

whi ch the i Speci es-cont ai ning gas ow'r the mass fl ow
controller bé@‘llrrmyatbélma Phewhaangdeobiapmaves- BSOaSQane@henbi as vol tage

on the mafeQFié.(gk)pheTREdg&eﬁgs %Qgh time zero to time D

constitute a complete cycle, which is repeated n times,

where n is 3 in the example of FIGS. 5A-5C.

[0027] Each ion implantation sub-step may have a
duration of about 2-90 seconds, during which the implanp
species-containing gas flow rate through the mass flow
controller 154 méy be in the range of about 5-350 sccm
and the bias voltage on the wafer is on the order of 80V
to 20KV. The transitional period from time A to time B
may have a duration of about two seconds. The ashing
sub~-step from time B to time C may have a duration of
about 1-20 seconds, during which the oxygen gas flow rate
through the mass flow controller 159 is in the range of
about 5-100 sccm while the implant species-containing gas
flow rate through the mass flow controller 154 is at a
minimum of about 5 sccm. The number, n, of sub-steps
into which the required ion implantation time is divided
is sufficient to limit each ion implantation sub;step to
a time duration within which the damaged layer formed at
the top of the photoresist layer does not completely
carbonize and grows to only a fraction of the total

photoresist thickness.
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to 20KV. The transitional period fromtinme Ato tine B may have a duration
of about two seconds. The ashing sub-step fromtinme Bto tine C may have a
dur at i on wb 2aln085293- 20 seconds, during which the oxygenpgaasbdoomss7at e

t hrough the mass flow controller 159 is in the range of about 5-100 seem
while the inplant species-containing gas flow rate through the mass fl ow
controller 154 is at a m ninmum of about 5 seem The nunber, n , of
sub-steps into which the required ion inplantation tinme is divided is
sufficient to limt each ion inplantation sub-step to a tinme duration
wi t hin which the damaged | ayer forned at the top of the photoresist |ayer
does not co ely rbonj.ze and gt ows to fraction of the total
phot or esi st Wiféc‘knesgqg[‘gfm © |r|98 the ?esrcé‘rdgt?/‘iﬁndlé%% §5% BA%as been made
Wi t h refer enteh 1z ferbade nentsnieaphoyt el dinhi as RD|diage appl ied to the
waf er or wafe por dest ot her_ enbadi nent oy aD.C.
bi as source'® taagegl?lpé’éélg t%eblwggéléo% ce e’fhguﬁﬁ?sted)#s%nﬁ? biyas source
may have a pud),s&trherraelnbndmertmmagr deplayf and.Ci.sbrandsowne arpal se

repetition é}@ &L tchegﬁ?%geéoxgcek' I gngr%ﬁs 'gh% gurgl%%ns glrcgaﬁ | on i npl ant

sub-step may be about’ 0 seconds ng upon esired i npl ant
dose and depevslingulsenduhet piraomathenoxiarsiafy miTheserarssendnpl oyi ng a

pul sed D - Con B %3106 VBIEL o cHEPLESE e 0y SE emagiancous L ng

di agr ans of IS agra e gas flowrate
fromthe |oﬁurwoamofssééhesorwﬁpéiantngulgeﬁst%ﬁpb/ybqaab%t & f0BRction of

tine. FIG BB.bfud FepRAaPhgliorIdfel bOWM FI €nbi@At dose and

depending upon the plasma ion density. The process
employing a pulsed D.C. bias on the wafer is depicted in
the contemporaneous timing diagrams of FIGS. 6A, 6B and
6C. FIG. 6A is a graph of the gas flow rate from the ion
implant species-containing gas supply 152 as a function
of time. FIG. 6B is a graph of the gas flow rate from
the oxygen gas supply 158 as a function of time. FIG. 6C
is a graph of the pulsed D.C. bias voltage applied to the
wafer 112,

[0029] The first ion implantation sub-step occurs from
time zero to time A of FIGS. 6A-6C. During the ion
implantation sub-step, the implant species-containing gas
flow rate is at a predetermined maximum rate, Rl (FIG.
6A), the oxygen gas flow rate is at zero (FIG. 6B) and
the pulsed D.C. bias voltage is at a predetermined level
corresponding to the desired ion implantation depth (FIG.
6C). A zero oxygen gas flow rate during the ion
implantation sub-step prevents ion implantation of
oXygen. At time A, the bias power is turned off (FIG.
6C) to end the ion implantation sub-step. A transitional
period occurs from time A to time B, during which a

transition is made from implant species-containing gas to
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t he oxygen gas supply 158 as a function of time. FIG 6C is a graph of the
pulsed D.C . bias voltage applied to the wafer 112. [0029] The first ion

i npl ant atwonoswigs®tep occurs fromtine zero to tinme A ofCEIUSZ096476.L.
During the ion inplantation sub-step, the inplant species-containing gas
flowrate is at a predeterm ned maximumrate, R (FIG 6A), the oxygen gas
flowrate is at zero (FIG 6B) and the pulsed D.C . bias voltage is at a
predeterm ned | evel corresponding to the desired ion inplantation depth
(FIG 6C) . A zero oxygen gas flowrate during the ion inplantation
sub-step prevents ion inplantation of oxygen. At time A, the bias power is

turned off (FIG 6C) tq end the ion inplantation sub-step. A transitional
peri od occurdY¥Tbi %’n@uﬁl?% "fn'flr?é’ éh?ngt&‘? WHFERY RS t'?aa‘}rjlsi tion is made
frominpl antlspedctes- contanqi tigi gasahedkygel gasiodurtng ivplahtt he chanber
pressure na

fluctuate. .Duri this t (o I iqd, the inplant
speci es- con¥5?‘ﬁf‘%sg_ucg’£§aﬁ%6\?l’p Ser]EI(léf"C;‘xrr‘s“El e?A\I) hlllgngrﬁé Sfi‘% defo?/\lfr?ht%ol gpm'azi nmum
rate, R2, whHove tda ovpdgeamgestd,] ¥, r ahield RiNE o&Byen sgdw dilght up to a

predeterm n m.t.at time t h e has
Stabilized T F\gggs%lhflErJig 6?2@%?2%‘“%&?5 18 Rkt RabeL HaSmthg ng whi ch.
t he pl asma kstarRoxydéntphasha theatchpehey axrassarphbeoretgbstl izgg.- porti on

damaged dur b, 1l PIGKLOUS, | QL TP IaBh AL AN SR BLAD-c Akl C o the
damaged photoresist” top pOI‘%I on has been renpved or nearly renoved, and a
second tranghi¢lridle pdesvd be@mexyIRhsPasmndhetanehevendlheperi od ext ends

fromtime Cohg9cdid® P top portion damaged during the previous ion
implantation sub-step. At time C, the damaged
photoresist top portion has been removed or nearly
removed, and a second transitional period begins. This
second transitional period extends from time C to time D,
during which the oxygen gas flow rate (FIG. 6B) is ramped
down while the implant species-containing gas flow rate
(FIG. 6A) is ramped up, creating some fluctuations in
chamber pressure. At time D, the oxygen flow rate has
reached zero while the implant species-containing gas
flow rate has reached the predetermined maximum rate R1,
and the chamber pressure has stabilized, concluding the
transitional period. A second ion implantation sub-step
begins at time D, when the pulsed D.C. bias'power is
again turned on (FIG. 6C). The events from time zero to

time D constitute a complete cycle, which is repeated n

times.

[0030] The time duration of each ion implantation sub-
step is sufficiently limited so that the damaged top
portion formed in the photoresist does not become
completely non-porous. This feature prevents the
entrapment of hydrogen freed within the photoresist by

severance of carbon-hydrogen bonds. Such entrapment of
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during which the oxygen gas flowrate (FIG 6B) is ranped down while the
i npl ant species-containing gas flowrate (FIG 6A) is ranped up, creating
sonme fl uowoabiowss293n chanber pressure. At tine D, theporusesofobomwsrate
has reached zero while the inplant species-containing gas flow rate has
reached the predeterm ned maxinumrate R, and the chanber pressure has
stabilized, concluding the transitional period. A second ion inplantation
sub-step begins at tine D, when the pulsed D.C . bias power is again
turned on (FIG 6C) . The events fromtine zero to tinme D constitute a
conplete cycle, which is repeated n tinmes . [0030] The tinme duration of

Cop port onPYSIAAT FReHes A bRUEPAe® G MR BB bre CofFotel y o

non- por ous. cIhés ﬁ‘aaa.wéeoprﬂvemtbbesmm am®Bt, ohe hy@trm@ennf reed within
t he phot oresi st everance of_ car lﬁé}lr o%é_ln bonds. . Such ent rapnent

of hydrogen #B%Id" IEBtpEbDTEY S A Pﬁén‘b dLEFC i Cause failure of the
phot or esi st exgéutisendelde inetboceritionae phdxat nemmerpievendrs a princi pal

failure node e i,enced_in convent, onal pl S] i i npl antati on
processes. m%i($r‘gtnaﬁl°nl 8hP&Tion "sub- %tle%ntlm%é”%ur g]gg{%)nél?og a'fl%go sufficiently
limted to pileeyecmraftalonansomlsﬁ saflfar gentnunbamigedche oreveavtbon bonds in

the damaged elopa PO 10N.00 a8 RABLA" 8581 Sdrod2RALBON! Bofudlisaimond. || ke

mat eri al tha 'S renove. Thus, od i n one enbodi ment
facilitat esdela@gedart@pt morréuglh Crfemﬂaph@tolm%‘}hoﬂéﬁéslil%ttcafat er ion

diamond-like material that is difficult to remove. Thus,
the method in one embodiment facilitates easy and
thorough removal of the photoresist after ion
implantation. As a result, the conventional three-step
post-implant photoresist removal process may not be
necessary. For example, the second step in that process,

the oxygen plasma ashing step, may be eliminated.

[0031] While the foregoing is directed to embodiments
of the present invention, other and further embodiments
of the invention may be devised without departing from
the basic scope thereof, and the scope thereof is

determined by the claims that follow.
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inplantation. As a result, the conventional three-step post-inplant

phot oresi st renoval process nmay not be necessary. For exanple, the second
step i n twetomwmes®ss, the oxygen plasma ashing step, mapchasediomsival ed.
[0031] Wiile the foregoing is directed to enbodi nents of the present

i nvention, other and further enbodi nents of the invention nmay be devised

w t hout departing fromthe basic scope thereof, and the scope thereof is
determ ned by the clains that follow What is clained is: 1 . A nethod of

pl asma i mersion ion inplantation of a workpiece having a photoresist |ayer
on its top surface, conprising: performng a nunber of successive ion

i npl antation sub-steps, each of said ion inplantation sub-steps having a
time durati8P2ovier SARAEARYt+Sihsf ormati on by renoval of hydrogen is generally
confined to a top portion of the photoresist |ayer; after each one of said
successive ion inplantation sub-steps,. renoving. said top portion while

| eavi ng the rendining BSF}P‘?%rP%fpi@é d pHotores $P7 Wtﬁ%ﬂjf’ace by
perform ng an asiumpisub- Biepig whenetorédistuaher of S dopuccessi ve ion

i mpl antation sub-steps is sufficient to reach a predeterm ned ion

i mpl ant at i oﬁ”’a§ i TOAPF&gT SR of said workpiece. 2 . The method of Claim1
wherein the tinme duraeréoroineacmumbari aplanicaisisonesidnr step is sufficiently

limted to prevent, &t anshor fallon (b, Sak ddiP 18R LhOla¥ar3dhd

sub-steps having a time duration over which
transformation by removal of hydrogen is generally
confined to a top portion of the photoresist layer;

after each one of said successive ion
implantation sub-steps, removing said top portion while
leaving the remaining portion of said photoresist layer
in place by performing an ashing sub-step;

wherein the number of said successive ion
implantation sub-steps is sufficient to reach a
predetermined ion implantation dose in a region of said

workpiece.

2. The method of Claim 1 wherein the time duration
of each ion implantation sub-step is sufficiently limited
to prevent transformation of said top portion of said
photoresist layer to a material containing predominantly

carbon-carbon bonds.

3. The method of Claim 1 wherein the time duration
of each ion implantation sub-step is sufficiently limited
to prevent transformation of said top portion of said

photoresist layer to a predominantly non-porous material.
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photoresist layer to a material containing predom nantly carbon-carbon
bonds. 3 . The nmethod of Cdaim1 wherein the tine duration of each ion

i mpl ant atwonosuis®Bep is sufficiently limted to preventctrnapabosiveii on of
said top portion of said photoresist |layer to a predom nantly non-porous
material .4 . The nmethod of Caim1l wherein said top portion is damaged in
t hat hydr ogen-carbon bonds in the photoresist |ayer have been broken. 5 .
The nethod o f Caim1l wherein each ion inplantation sub-step conprises:

(a) flowng an ion inplantation speciescontaining gas into said chanber,

(b) maintaining a plasma in said chanber, (c) applying a bias voltage to
sai d workpi ece corresponding to a desired ion _ inplantation depth . 6 . The
met hod of C ai m% mhgggiﬂe °§sﬁ?ﬂbmshB§FﬁﬁlEggﬁ+?S%§?PféflgPomﬁng an
gxygen-conta£rﬂdm%?@asihntﬁhﬁﬁﬁy%EQaﬁﬁ?eﬁfyﬁﬁIuanappiyiﬁnk neglinglﬁlor no

ias power to said . workpiece an ile limting or stopping the flowrate
of said i onPPHH% g?iggy§b VEsPEBAL BT MYy gas, (b) continuing to maintain
a plasma in said chanmber; (c) halting the flow of said oxygencontai ning gas
prior to the bedi nni of the ne ion jnplantation sub-step. 7 . The

met hod of O aim fu?ﬁﬁe?e%%oﬁroﬁ)s(%% o 1 ThARR eath Sron =7 °P

implantation sub-step comprises:

(a) flowing an ion implantation species-
containing gas into said chamber,

{(b) maintaining a plasma in said chamber,

{c) applying a bias voltage to said
workpiece corresponding to a desired ion implantation

depth.

6. The method of Claim 5 wherein each ashing sub-
step comprises:

(a) flowing an oxygen—-containing gas into
said chamber while applying negligible or no bias power
to said workpiece and while limiting or stopping the flow
rate of said ion implantation species-containing gas,

(b} continuing to maintain a plasma in
said chamber;

(c) halting the flow of said oxygen-
containing gas prior to the beginning of the next ion

implantation sub-step.

7. The method of Claim 6 further comprising
performing a first transition after each ion implantation
sub-step and before the following ashing sub-step, said
transition comprising:

stopping application of bias power to said

workpiece;

20



performng a first transition after each ion inplantation sub-step and
before the follow ng ashing sub-step, said transition conprising: stopping
appl i cat iwo 20fo/d35®8 power to sai d workpi ece; reduci ng t hecfrhspomwateopf said
ion inplantation species-containing gas into the chanber; increasing the
flow rate of said oxygen containing gas into said chanber. 8 . The net hod
of Claim?7 further conprising performng a second transition after each
ashi ng sub-step and before the following ion inplantation sub-step, said
second transition conprising: increasing the flowrate of said ion

i npl antati on speci es-containing gas into the chanber; decreasing the flow
rate of said oxygen containing gas into said chanber to a neqgligible or

) I
zero level . 9 . A netd¢i8F phrashid™ FREFsPbrPdi¢h 1PRpEERt R GTHCF a
wor kpi ece, G@BRLESHAgtadepasg faodimPhatoershsdr;l ayer on a top surface of
t he wor kpi ece and pl acic%% the workpiece in a plasnma reactor chanber;

perforning successi ve-lGR3PHPP abt i §65§t%’g§ai§a8ﬁy8?“sai d ion

i mpl ant ati oropdbisiePdsainfg said Mhadbeati on over which transformation by
removal of hydrogen is generally confined to a top portion of said
photoresi st |ayer, each of said ion inplantation substeps conprising:

8. The method of Claim 7 further comprising

performing a second transition after each ashing sub-step
and before the following ion implantation sub-step, said
second transition comprising:
increasing the flow rate of said ion
implantation species-containing gas into the chamber;
decreasing the flow rate of said oxygen
containing gas into said chamber to a negligible or zero

level.

9. A method of plasma immersion ion implantation
of a workpiece, comprising:
depositing a photoresist layer on a top surface
of the workpiece and placing the workpiece in a plasma
reactor chamber;
performing successive ion implantation sub-
steps, each of said ion implantation sub-steps having a
time duration over which transformation by removal of
hydrogen is generally confined to a top portion of said
photoresist layer, each of said ion implantation sub-
steps comprising:
(a) flowing an ion implantation species-
containing gas into said chamber,
{b) maintaining a plasma in said chamber,
(c) applying a bias voltage to said
workpiece corresponding to a desired ion implantation

depth;
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(a) flowng an ion inplantation speciescontaining gas into said chanber,

(b) maintaining a plasma in said chanber, (c) applying a bias voltage to
sai d wor kwoess/@ssespondi ng to a desired ion inplantatipen@deabhsabi er each
one of said successive ion inplantation sub-steps, perform ng an ashing
sub-step for a tinme duration sufficient to renove only said top portion of
sai d photoresist |ayer, said ashing sub-step conprising: (a) renoving or
reduci ng the bias voltage on said workpiece; (b) flow ng an
oxygen-contai ning gas into said chanber while reducing or stopping the flow
rate of said ion inplantation species-containing gas, (c) continuing to

mai ntain a plasma in said chanber; (d) halting the flow of said
oxygencont ai ni ng gas 3ricdr SB6t e KyiSAAANGUSTeIHY &R i on i npl ant ati on
sub- st ep; whebekntitieomgubesteps Sadt rRRERGSaY adhagl Bpbast&d ifr sub- st eps
is sufficient to rgach,a preggternined ion inpl ntatlgn dose in a region of
sai d wor kpi c&IMe 1T HE MELALECHIPtAtE FEBOVHTEIYn SEAE EPRe duration of
each ion i npbaniahi®h suilk shepotesiwtf Nageentsyid iashtiad sobpsweapent
transformation of said top portion of said photoresist layer to a materi al

of predoni n& TPy e %Yoncar bon

(a) removing or reducing the bias voltage
on said workpiece;

(b} flowing an oxygen-containing gas into
said chamber while reducing or stopping the flow rate of
said ion implantation species-containing gas,

(c) continuing to maintain a plasma in
said chamber;

(d) halting the flow of said oxygen-
containing gas prior to the beginning of the next ion
implantation sub-step:;

wherein the number of said successive ion
implantation sub-steps is sufficient to reach a
predetermined ion implantation dose in a region of said

workpiece.

10. The method of Claim 9 wherein the time duration
of each ion implantation sub-step is sufficiently limited
to prevent transformation of said top portion of said
photoresist layer to a material of predominantly carbon-

carbon bonds.

11. The method of Claim 9 wherein the time duration
of each ion implantation sub-step is sufficiently limited
to prevent transformation of said top portion of said

photoresist layer to a predominantly non-porous material.
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bonds . 11. The nethod of Claim9 wherein the tinme duration of each ion

i npl antation sub-step is sufficiently limted to prevent transformation of
sai d t op wonrnionss93f sai d photoresist |ayer to a predonPoaniskgoonesT9por ous
material .12. The nmethod of Caim9 wherein said top portion is damaged in

t hat hydrogen-carbon bonds in the photoresist |ayer have been broken. 13.
The nmethod of Caim9 further conprising performng a first transition
after each ion inplantation sub-step and before the foll ow ng ashing
sub-step, said transition conprising: stopping application of bias power to
sai d workpi ece; reducing the flowrate of said ion inplantation

speci es- cont ai ni g i nt nmaer ; creasin the flo te of said
oxygen contalnlngggaéﬁﬁhfg sgldogﬁg‘lm ° Y *rhe i Fhoapo?o a?h113 further
conpri sing per demayeq i sbaontydreyesi-cdashoaf bendsedch tashi ng sub-step and

before the f%%%g £%t(¥ly%"pk§9éQbééﬁ1b§uP step, said transition conprising:
i ncreasi ng the "Prow T at f dard 1on inp ght ati on speci es-cont ai ni ng gas

into the chanber; decreasing the flowrate of said oxygen cont ai ni ng gas

into said chanbeﬁ to fhé“%%'hgbb$ﬁ [,i4€60 ¢ ?Yﬁ%r comdribi thod of plasma
i mrer si on ion |onantat|on of a pi ece aV|ng a hoto sist layer onits

t op performing a first tran51tlon after each ion implantation
sub-step and before the following ashing sub-step, said
transition comprising:

stopping application of bias power to said
workpiece;

reducing the flow rate of said ion implantation
species~containing gas into the chamber;

increasing the flow rate of said oxygen

containing gas into said chamber.

14. The method of Claim 13 further comprising
performing a second transition after each ashing sub-step
and before the following ion implantation sub-step, said
transition comprising:

' increasing the flow rate of said ion
implantation species-containing gas into the chamber;
decreasing the flow rate of said oxygen
containing gas into said chamber to a negligible or zero

level.

. 15. A method of plasma immersion ion implantation
of a workpiece having a photoresist layer on its top
surface to attain a predetermined ion implantation dose
in a region of the workpiece, comprising:

performing successive ion implantation sub-

steps, each of said ion implantation sub-steps having a
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surface to attain a predetermned ion inplantation dose in a region of the
wor kpi ece, conprising: perform ng successive ion inplantation substeps,
each of swoQoiomssioapl antati on sub-steps having ati ne duretriuspodo@ss9s han
that required to attain said predeterm ned dose; after each one of said
successive ion inplantation sub-steps, renoving a top portion of said

phot oresi st | ayer while | eaving the remaining portion of said photoresist

| ayer in place by perform ng an ashing sub-step; wherein the nunber of said
successive ion inplantation sub-steps is sufficient to reach said
predeterm ned ion inplantation dose.

time duration less than that required to attain said
predetermined dose;

after each one of said successive ion
implantation sub-steps, removing a top portion of said
photoresist layer while leaving the remaining portion of
said photoresist laver in place by performing an ashing
sub-step;

wherein the number of said successive ion
implantation sub-steps is sufficient to reach said

predetermined ion implantation dose.
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