A METHOD TO | MPROVE TRANSI STOR PERFORMANCE MATCHI NG FOR PLASMA- ASSI STED
SOURCE/ DRAI N FORVATI ON BACKGROUND OF THE I NVENTION (1) Field of the
invention. The invention relates to a nethod of source/drain inplantation,
and nore particularly, to a nmethod of inproving transistor performance

mat chi ng for plasma- assisted source/drain formation. (2) Description of
the Related Art. In sem conductor manufacturing, extrenely pure (also known
as intrinsic) sem' conductors, for exanple, silicon (Si), germanium (Ge),

silicon germani ﬁ@“rg nggﬁibk@ﬁé/&ﬁéié@oﬁ@éﬁ#o mﬁd:iz'rﬁﬂzmﬁﬁmé'ﬁm

(SIC, are |ntent|ona inmpurities to change their electrical

properties. For G oup Ne ants are
acceptors from G oup wé&]%glm OIJFE?E suc 'Qo1r-igjr?ﬁ)( B), and
donors from Goup 5 of the periodic table, such as arsenl c (As) and
phosphorous (P). Acceptors form p-type sem conductors where the majority
carriers are holes while donors formn-type sem conductors where the

majority carriers are electrons. Lightly 1 and noderately doped (al so known

as extrinsic) sem conductors are conponents of many devices, including
di odes and transistors. BACKGROUND OF THE INVENTION

(1)  Field of the invention.

The invention relates to a method of source/drain implantation, and more
particularly, to a method of improving transistor performance matching for plasma-

assisted source/drain formation.
(2) Description of the Related Art.

in semiconductor manufacturing, extremely pure (aiso known as intrinsic)
semiconductors, for example, silicon (Si), germanium (Ge), silicon germanium (SiGe),
gallium arsenide (GaAs) and silicon carbide (SiC), are intentionally doped with
impurities to change their electrical properties. For Group 4 semiconductors, the most
common dopants are acceptors from Group 3 of the periodic table, such as boron (B),
and donors from Group 5 of the periodic table, such as arsenic (As) and phosphorous
(P). Acceptors form p-type semiconductors where the majority carriers are holes while

donors form n-type semiconductors where the majority carriers are electrons. Lightly-



Transi stors, which are used to anplify or switch electronic signals, are
made of both p-type and n-type sem conductors. For exanpl e, bipolar

transi stors consist of two p-n junctions joined in series to formn-p-n or
p-n-p transistors. For both types, there are three termnals, nanely
emtter, base and collector. The emtter emts the charge, the collector
collects the charge, and the base between the emitter and the coll ector
controls the collector current. For a field-effect transistor, the

term nal s aﬁ@%&@é’rﬁ}e@ﬁg%;zéb“{ja% krﬁﬁ%r’?aé@%ﬂ’é@?}Qerh?c%ﬁ@ﬁ&tb&ﬁér%é’c b age

at the gate controls current between the source an he drain. As

devi ce ge%y%?qﬁce%omd%%@d%ébal&ar‘gg rj&uncti on depth of the source and

drain region a’tran be nade shal | ower to prevent short
channel effect and its acconpanying hot carrier effect that degrade device
performance. For source/drain (S/D) junctions which are doped, |ow energy
ion inplantati is needed to obtain shall ow depth profiles.
Pl asma: assi ot ed SRS, MBI aTeI et dp amplueeenich aieettanic SgRRls. remadRLhges
over conventional beanline technologies, including ultra-low ener gy hi gh
t hr oughputboth BiyR&3Rd AlPe semicondeetars. for expmpleg bipokas teansisiorscensigbl e,
dopant gas is partially ionized to formplasma containing positive ions,
negati ve ¢@rritncboss mirbdnowerias torfdrecnHpesor prnagtiansisiordifas botivtvpagethets
applied to the wafer and positive ions in the plasm are accel erated across
2 are three terminals, namely emitter, base and collector. The emitter emits the charge,

the collector collects the charge, and the base between the emitter and the collector

controls the collector current, For & field-effect transistor, the terminals are labeled

source, gate and drain respectively, and a voltage at the gate controls the current

between the source and the drain.

As device geometries continue to shrink, the junction depth of the source and
drain regions of a transistor must be made shallower to prevent short channel effect
and its accompanying hot carrier effect that degrade device performance. For
source/drain (S/D) junctions which are doped, low energy ion implantation is needed to
obtain shallow depth profiles. Plasma-assisted doping is widely used because it offers
unique advantages over conventional beamline technologies, including ultra-low

energy, high throughput, low cost and small footprint.

During plasma-assisted doping, dopant gas is partially ionized to form plasma
containing positive ions, negative electrons and neutral molecules. A negative bias

voltage is applied to the wafer and positive ions in the plasma are accelerated across



t he sheath and inplanted within the wafer. Sone of the ions fall on the top
surface or sidewall of the photoresist nask that covers the regions not

i ntended for plasma- assisted doping, and are repelled fromthe positively
charged surface onto the regions requiring plasnma-assisted doping. In the
process, the ions | ose energy and do not have sufficient energy to
penetrate the wafer. This results in surface deposition, rather than

i npl antation, which blocks the inplant. Due to the projectile of the

scattered 4005, th r?algld :Hmﬁﬁﬁﬁé& \?/ﬂh@%é e B¥He Yiths DR ftal? oﬁzﬁé td s&r??ce nter

than at the ma opant concentratl on W ecrease wt

| et easi n%.cﬂev&amﬁogqt%gﬁ&g}és?& B85, N0 R ABRA gl | e
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di fferent are f the i Iant e S. t hres .
bl ance PP LRI HCRET P AR 998'5\(8%5@ 8pStBes cbR B e einBte
which require the electrical perfornmance to be nmatched between two g nor e
transi st o 8AUIfHg giaﬁﬁ@w@%ﬁ@ﬁ dpRingn |y the ¥ Re<ASd PP BRI Y AN O Not have

i nplantation because for gh ener%y ion inplantation, the scattered ions
wi || have ssiffciant eéamgyéme@?trate themealeailis resultsif wifaserdepesitiomnatiardhan t he
opposite is observed. A nunber of papers have reported higher dopant
concent r atimplantationherhioériileckst thaimatant. Huaristke edgjecitia of the sdadteredions thet i on

by scattered ions. For exanple, see Drennan et al., "Inplications of
Proxi m t y debbsitdbsirtacedapdrogil Beshigher inlthEEe (les them dtrthe gnadkestiga. Hente,s
Conference, 2006; pp. 169-176 and Hook et al., " Lateral lon |nplant

Straggl e apdaesdhcBReNioR Wil decrease with increasing distance from the mask edge. Non-
uniform dopant profile leads to differences in the characteristics of similar transistors
located at different areas of the implanted regions, such as threshold voltage. Such
imbalance affects the proper functionality of circuits, especiaily those which require the

electrical performance to be matched between two or more transistors.

This phenomenon is only observed for low energy ion implantation because for
high energy ion implantation, the scattered ions will have sufficient energy to penetrate
the wafer surface. Therefore, the opposite is observed. A number of papers have
reported higher dopant concentration at the center than at the mask edge due to the
contribution by scattered ions. For example, see Drennan et al., “Implications of

Proximity Effects for Analog Design,” IEEE Custom Integrated Circuits Conference,

2008; pp. 169-176 and Hook et al., “ Lateral lon Implant Straggle and Mask Proximity

Effect,” IEEE Transactions on Electron Devices 50 (9) 2003, pp. 1946-1951.




Effect," | EEE Transactions on El ectron Devices 50 (9) 2003, pp. 1946-1951.
3 The plasnma deposited surface |ayer is nore pronounced when

pl asma- assi sted doping is carried out with a hydride of the dopant
species, e.g. diborane (B2H6) for p- channel source/drain inplant and
phosphi ne (PH3) for n-channel source/drain inplant, due to the relative
ease of dissociation of these gases in the plasnma conpared to their
fluoride counterparts, e.g. BF3 and PF3. This observation was disclosed in

U.S. Patent 7 gﬁ%@%@pﬁaﬂ gggé‘é?{é{i: diprath 1Aer im‘éﬁéfﬁfonopﬂ??cﬁ thﬁ&)iéo él;'-%sigtieabl e

for p-channel uorine “‘enhances” out T usion oron
of the undgpirst g alsS R g BRSO Re oBRE SRS sith BrEhe il Bhge

profile for different transistors en, usi drides of the dopant gas is
eoded: CanRBRPISpUTRLT EaATS! Boan e (i e mratrebedi e AERa Foant
deposited surface |layers. They include those disclosed in W2004/ 013371,
W02006/ 0984840 ArirelaiEorRseat s9tsagialing dlihesemasenin hespigsmaconpssehly 1188371
to Walther and Radovanov teaches a nethod to renove the deposited surface
| ayers by fdiorige cowtgemsartss g BEsiang.PHan v obrarvalipr was Hisclased watle?. Ratent
heated to pronote evaporation of the deposited naterial. W?2006/099438 to
Fang et al7,t1¥a8%ek Gollies bbdl. Hovwavki,dhe lafies & natnidtoe firtprchwnre BIY idaging dsi as
voltage that increases with the increasing deposited

fluorine enhances out-diffusion of boron resulting in higher contact resistance, and

causes unintentional etching of the underlying layer. Therefore, a method to obtain a

similar dose profile for different transistors when using hydrides of the dopant gas is

needed.

Currently, there are only a few known methods to overcome the deposited
surface layers. They include those disclosed in W(02004/013371, WO2006/099438 and
US2006/0099830 and U.S. Patent 7,528,389. W02004/013371 to Walther and
Radovanov teaches a method to remove the deposited surface layers by dilution gas
sputtering. In another approach, the wafer is heated to promote evaporation of the
deposited material. W02006/099438 to Fang et al teaches a method to achieve dose
uniformity by applying a bias voltage that increases with the increasing deposited
surface layer thickness so that dopant ions have sufficient energy to penetrate the
deposited surface layer into the wafer. US2006/0099830 to Walther et al teaches a
method for limiting the formation of the deposited surface layers by using fluorides or
chlorides of the dopant gas, e.g. BF; and PF3, instead of its hydrides, e.g. B2Hg and

PH;, as they dissociate less easily. U.S. Patent 7,528,389 to Fang et al teaches that



surface | ayer thickness so that dopant ions have sufficient energy to
penetrate the deposited surface |layer into the wafer. US2006/ 0099830 to
Walther et al teaches a nethod for limting the formation of the deposited
surface |layers by using fluorides or chlorides of the dopant gas, e.g. BF3
and PF3, instead of its hydrides, e.g. B2H6 and PH3, as they dissociate

|l ess easily. U S. Patent 7,528,389 to Fang et al teaches that 4 ranping is
adj usted to adjust the dopant concentration. The nunber of pul ses and

pul s dur 34 8cAE SRRIEFISHILE (e BbR ohEcrlEsiohedridmihbioriaRts P ¥

cycle ranprn event r surface arcing, not to neutralize
charges o e or esi I 1.AS, |, Sy i t;
the. thi clmdts FAREaESItsedud S e R Jea ey MRy Rcb ot Py B8 AR RRa' e
mai nt ai ni ng_t he dept ofile of the dopant, and ,mnimzjng,the daopant
Spread | n et pifveanyBldsurEeS arat rieo Roneue P ar At ey olires P
di scl osures by Varian Sem conductor Equi pnent, Associates, |nc. rrr?t erials
deposi t ed SYHaEhe VaKaes biggis ryBPed acersdinpde thaaihigkorss of fherdenogled UM t he
di ssoci ati on of dopant %as. These neutrals and ions deposit randomy on
t he waf er I&y§rf 366 mathad Jocuses varpaiptaitiap dae terthiriglle af shevdepratpantd ed to
show a done-shaped profile. On the other hand, our observations suggest
t hat nmat emiialnsizinddpesopant spneadhien watier asdidtecs direetipesi ti ve i ons that repel
fromthe |ike-charged photoresist mask. As a result, the deposited surface
| ayer thickness is sensitive to
According to these above disclosures by Varian Semiconductor Equipment
Associates, Inc., materials deposited on the wafer surface are neutral particles that
result from the dissociation of dopant gas. These neutrals and ions deposit randomly
on the wafer surface. Thus, the surface deposited layer is not expected to show a
dome-shaped profile. On the other hand, our observations suggest that materials
deposited on the wafer surface are positive ions that repel from the like-charged
photoresist mask. As a result, the deposited surface layer thickness is sensitive to

photoresist mask patterns, a problem that was not considered in the above disclosures.
SUMMARY OF THE INVENTION

It is the primary objective of the present invention to dope transistors with equal

or similar dopant concentration.



phot oresi st mask patterns, a problemthat was not considered in the above
di scl osures. SUMMARY OF THE INVENTION It is the primary objective of the
present invention to dope transistors with equal or simlar dopant
concentration. 5 It is another objective of the invention to dope
transistors with equal or simlar dopant concentration by using a slow
dose per pulse ranp during plasna-assisted doping. It is a further

obj ective of the invention to dope transistors with equal or simlar

dopant concent fal bABNAY oBjeBfd & thbJAMEEAYS dbBe erlahgﬁa{o?@ fial Gur f ace

deposition thickness 1's constan anot objective of the 1nvention is

L ans ot ort g PP AT A by Bl L ack BRER e BIRRR OleCT, ot Pves of

the invention, a slo ose per pulse ranp is used during plasnma-assisted
dopi ng. NP@?%E‘%%%‘SE’ {%W-wi th the objectives of the invention, the
transistor layout is changed so that transistors are placed in the region
where surface deposition thickness is constant to mnimze variation

bet ween the dopant profiles of a transistor pair. .
It is a further objective of the invention to dope transistors with equal

or similar dopant concentration by placing transistors in a region where

surface deposition thickness is constant.

Yet another objective of the invention is to dope transistors with equal
or similar dopant concentration by placing transistors away from the mask

edge.

In accordance with the objectives of the invention, a slow dose per pulse ramp is

used during plasma-assisted doping.

Also in accordance with the objectives of the invention, the transistor layout is
changed so that transistors are placed in the region where surface deposition thickness
is constant to minimize variation between the dopant profiles of a transistor pair.
Alternatively, the mask edge, where there is huge variation in surface deposition

thickness, can be shifted further from the transistor.



Al ternatively, the nmask edge, where there is huge variation in surface
deposition thickness, can be shifted further fromthe transistor. 6 BRI EF
DESCRI PTI ON OF THE DRAW NGS I n the acconpanyi ng drawings form ng a materi al
part of this description, there is shown: Fig. 1A is a cross-sectional
representation of a surface deposited |ayer of the prior art. Fig. 1 Bis
a top view of the surface deposited layer of Fig. 1A Fig. 2is a
cross-sectional representation of a surface deposited |ayer of a first

preferred enmbodi nent of theg m@a@ﬁs?ﬁwbwl: Tﬂgg,@;\)xg\j@ gschematic

representation of a duty cyc irst preferre di ment of the
present invention. Fig. 4 is a graphical representation of the ranp set up
of a first preferred enbodi ment of the present invention. Fi gs 5A and 5B
are cross-sect esentafi ons show n of .fhe .

o esent | nvent I aRep BRGBY Mg LPwosao g ghotripLiar gl K desintch, thefs i

r epr esent %HO\%R' of the relationship between inplant cycle

Fig. 1A is a cross-sectional representation of a surface deposited layer of the

prior art.
Fig. 1B is a top view of the surface deposited layer of Fig. 1A.

Fig. 2 is a cross-sectional representation of a surface deposited layer of a first

preferred embodiment of the present invention.

Fig. 3 is a schematic representation of a duty cycle of a first preferred

embodiment of the present invention.

Fig. 4 is a graphical representation of the ramp set up of a first preferred

embodiment of the present invention.

Figs. 5A and 5B are cross-sectional representations showing why the duty cycle

of the present invention increases over time.



factor and drive current msmatch in the first preferred enbodi nent of the
present invention. Fig. 7 is a graphical representation of the

rel ati onshi p between deposition thickness and edge of the photoresist mask
in a second preferred enbodi nent of the present invention. Fig. 8 is a
cross-sectional representation of a transistor and mask | ayout in the
second preferred enbodi nent of the present invention. DETAI LED DESCRI PTI ON
OF THE | NVENTI ON The present invention provides two nethods for doping

transistors wgfy ! ic8i rBbteRBnEABARE tEORERRNERD iwebA ifplbhf Glc!
preferred enbog!bngﬁ?%ogfrgimgélir%é%t pon, accordi ng tTg thgefi rls'tj rre(?}r?oed, a

sl ow dose 88 zhé’gJ hd %IEFPerit?niQ@%%gHFtﬁé‘ﬂrs‘?Fgezgﬁ?%%ﬁﬁioﬁﬁrﬁént%ﬁh@gresﬁg% a

second preterr ment o i nvent e transistor o
| ayout is.cvh%&?ed to provi de consi stent doping concentration. Fig. 1 Bis a
top vi ew dhE 'Ej 1A is a side viewalong line AA-Aof Fig. 1 B. As shown

in Figs. 1A and 1 B, during plasma-assisted doping, sone of the positive
ions 22 in the plasna fall on the photoresist mask 20 that covers the
regions of the substrate 10 not intended for plasnm-assisted dopi ng. These
ions 22 are ref& I7d8 argraphicaldeprasssiationdf jhetpatipaghphetyeen Sepesikon
phot oresi st mask 20 and fall onto the regions requiring

thickness and edge of the photoresist mask in a second preferred embodiment of the

present invention.

Fig. 8 is a cross-sectional representation of a transistor and mask layout in the

second preferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides two methods for doping transistors with equal or
similar dopant concentration. In a first preferred embodiment of the invention,
according to the first method, a slow dose per pulse ramp is used during plasma-
assisted doping. In a second preferred embodiment of the invention, the transistor or

mask layout is changed to provide consistent doping concentration.

Fig. 1B is a top view and Fig. 1A is a side view along line A-A of Fig. 1B. As
shown in Figs. 1A and 1B, during plasma-assisted doping, some of the positive ions 22
in the plasma fall on the photoresist mask 20 that covers the regions of the substrate

10 not intended for plasma-assisted doping. These ions 22 are repelled from the



pl asma- assi sted doping. Additionally, sone ions 22A are repelled fromthe
sidewal | of the photoresist nmask and fall onto the regions requiring

pl asma- assi sted doping. In the process, the ions |ose energy and do not
have sufficient energy to penetrate the wafer. This results in surface
deposition 25, rather than inplantation. Fig. 1 B shows a top view of the
surface deposited |ayer 25. The surface deposition 25 further bl ocks the
inplant. Due to the projectile of the scattered ions, the deposited surface

llayer wi |l ogiﬂvelﬁ/f&hﬁﬂg@d édﬂfab@%fﬂ%‘bﬁétoﬁé@d’ﬂ n@ésktﬂlﬁarﬁ@ﬁ%ﬂ @flg the RYicHRABHUiriNg
Fig. 1A Thus, transistor recei ves a higher concentration of dopants

than does é)ga’s‘?ré}%é%&é Spi r@'e ?\%@thoh g%ﬁw%"loﬂr@ 22A5ﬂré PEEIRM fRAAN fiBewdOBf Of

t he mask e sur 05|te er 25 overlying it 1s not so thick
as the la verl I 29 S|4
penetr at e&%?%&’ ﬁeg‘?%trniénsgﬁg%ridt%ﬂ%ﬁ(% ﬁ‘a é'é)rrfg? ?%ﬁﬁg ﬁ[aswkﬁ Qﬁggﬁgp Eﬁg Igth 14 The
first preferred enbodi of thelnvetlon now
r ef er ence A &PHEFGLe '%n%ﬁgﬁleé‘gﬁ%y quipang h%lvc?p‘?%c'ﬁ@mr}eégﬁﬁ §§r€% ﬁéﬂl%%%(ges
in a sequentlal f ashi on, using the after t he bi s pul se
as a for mib¥s fegulds Wurfﬂcﬁsdr?ﬁ’oﬁ%%@%&g'ﬂ%" aWHG‘”Q?F‘O\%d%o Srb‘@’?/sﬁ Re ramp
will allow a | ower charge buildup and help the charges on the otoreS| st
mask to divissy phihe sutfare dagsitadiayerods le@swfme derosion epiinneq
photoresi st surface, but will instead remain on the photoresist surface
The ions 22planhdduef tal the grojebiiie sif theansdaltteosd iohe, brctaposited suriresikiaygn will bgehave
| i ke any other ions that fall on the open surface. They wll fall
verti cal | yhidieswin the center than at the mask edge, as shown in Fig. 1A. Thus, transistor 12
receives a higher concentration of dopants than does transistor 14. Since transistor 12
is located near the edge of the mask 20, the surface deposited layer 25 overlying it is
not so thick as the layer 25 overlying fransistor 14, so more of the dopant ions 22

penetrate into the transistor 12 than penetrate into the transistor 14.

The first preferred embodiment of the invention will now be described with
reference to Figs. 2-6. Plasma-assisted doping neutralizes wafer surfaces in a
sequential fashion, using the plasma after the end of the bias pulse as a form of in situ
plasma flood system. Using a slow dose per pulse ramp will allow a lower charge
buildup and help the charges on the photoresist mask to dissipate. This way, the ions
22 will not be repelled by the photoresist surface, but will instead remain on the
photoresist surface. The ions 22A that fall on the sidewall of the photoresist mask will
behave like any other ions that fall on the open surface. They will fall vertically down
and be implanted into the wafer 10 if they have sufficient energy or deposit on the

surface if they do not. As a result, the surface deposited layer is expected to be rather



and be inplanted into the wafer 10 if they have sufficient energy or

deposit on the surface if they do not. As a result, the surface deposited

| ayer is expected to be rather 9 uniformand not show the dome-shaped
profile of the prior art. This is illustrated in Fig. 2. The

pl asma- assi sted ion inplantation process of the present invention results
in a surface deposited |ayer 25 consisting of neutral particles and | ow
energy ions that randonmly fall on the wafer surface. The contribution from

repel | ed iy@ffisriBhe hoBENGS tid 86metshaRed phsTilé of et pricdfart hehsus lineradaneFid.ed
| ayer is negligible, resulting in a uniform thickness |ayer 25 of m ni nmal

thi ckness, Wth the reduction of the plasma deposited surface |ayer 25,
the ion inplant will not be bl ocked and a uni form dose profile for a
transi stor pair can be obtai ned. The pl asna-assisted dopi ng of the present
i nvention uses a slow dose per pulse ranp during plasma-assisted doping.

I nstead of intcoducing the pant gas. at a fixed.. dut l e I i dth
and dose. doparhCqTANaPanSEARr) BURDATEr OSSR ks e aRute
species (e.g., B2H6, PH3 and AsH3), is introduced jnto the plasnma-assisted
Gopt ng. chamiECaepateiL ey e s Fatsisties Tiehoane BcRd 18 MeiShRge tiftng o
the process. The dutﬁwcycl e gradually increases until the desired dopant
concent r at'2REPTly falbpn Hiqwaler pEageit \hecsantebytioarfears sapeligddors whichuias 163 as
shown in Fig. 4. Pulse width

to non-uniformity of the surface deposited layer is negligible, resulting in a uniform

thickness layer 25 of minimal thickness. With the reduction of the plasma deposited

surface layer 25, the ion implant will not be blocked and a uniform dose profile for a

transistor pair can be obtained.

The plasma-assisted doping of the present invention uses a slow dose per puise
ramp during plasma-assisted doping. Instead of introducing the dopant gas at a fixed
duty cycle, pulse width and dose, dopant gas, preferably comprising a hydride of the
dopant species (e.g. BoHg, PH3 and AsHs), is introduced into the plasma-assisted
doping chamber at low duty cycle, pulse width and dose at the beginning of the
process. The duty cycle gradually increases until the desired dopant concentration is
obtained. The duty cycle increases in a step function as shown in Fig. 4. Pulse width
also increases since it is related to duty cycle (see Fig. 3). The transition from one duty
cycle to the next duty cycle occurs when the fotal accumulated implant dose reaches a
pre-defined level. Implant dose is monitored in real-time using an implant dose monitor,

such as a Faraday cup.
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al so increases since it is related to duty cycle (see Fig. 3). The
transition fromone duty cycle to the next duty cycle occurs when the
total accunul ated i nplant dose reaches a pre-defined |evel. |Inplant dose
is nonitored in real-tinme using an inplant dose nonitor, such as a Faraday
cup. 10 Duty cycle is defined as the ratio of pulse width to period, as
showmn in Fig. 3. A 10%duty cycle with a period of 100ps wll have

pul se-on tinme of 10ps where positive or negative bias voltage is applied

to accelerate i[ﬂ{?ﬂ(ﬁ%@%‘%& (?t??i_n%ﬂeasv’tﬁg?{jtgoagf;ﬁ#@e RiR %o Ialfi?%;&{s%g«‘;n 'L?ltqi?g.sgfhﬁr €

bi as voltage is ias vo emai ns cons

turned on. A LLower duty cycl.e hen a longer pulse-off tinme, wll nean
that the 1o r SN alith FERuGe of TORe BCkSeutPSFoR TS Fi tis ¥ aptive o
di ssi pate which gjni 1. ZES. th?_ ahance of ions' scattering out of the
phot or esi {¥93HY BIE5IOIIRFG 15 ANPIERLC REFRPrate [AnFdewarcpripe Waben &N RaRUl$%i8 i ons
that land on the photoresist will not be repelled and deposit as a surface
| ayer, butim@ i 9Qussvierg hiaseoliposrs tyaep wbi Brassioliege MpinskensEans whes it is
neutralized by the plasma. As a result, ion inmplant will not be bl ocked and
a uni f or mtaroed oo of idveer sity ticle, giiddiense. a Regeatrdssoffitase wikpwdan thehthe
t hi ckness al so neans that |ess effort is needed to renove the surface
| ayer aft ehapgeassameuasditsd ed tde phowresisihaveymbiettinde to dissipett whicaminghizes,
hot sul furic peroxide clean, plasna-assisted strip, etc.
the chance of ions’ scattering out of the photoresist and depositing on the wafer
surface. This means that the ions that land on the photoresist will not be repelied and
deposit as a surface layer, but will instead remain on the photoresist until the ions are

neutralized by the plasma.

As a result, ion implant will not be blocked and a uniform dose profile can be
obtained. Reduced surface deposition thickness also means that less effort is needed
to remove the surface layer after plasma-assisted doping, e.g. by hot de-ionized water

clean, hot sulfuric peroxide clean, plasma-assisted strip, etc.

Dose per pulse (DPP) ramp is measured in terms of a newly-coined implant cycle

factor (ICF) which is defined as:

ICF = (> (DC,xt, )
f=1

where DG, is the duty cycle and t; is the process time of step i which is a function
of pulse width and dose {refer to Fig. 4 for the graphical representation of the ramp

setup).

11



Dose per pulse (DPP) ranp is neasured in terns of a new y-coined inpl ant
cycle factor (ICF) which is defined as: ICF =Y (DC, x t,)' where DC, is
the duty cycle and t; is the process tine of step i which is a function of
pul se width and dose (refer to Fig. 4 for the graphical representation of
the ranp setup). 11 The above equation is given by way of exanple only. It
wll be apparent to those skilled in the art that numerous variations and
nodi fications to the above equation may be nade wi thout departing fromthe
spirit and scope of the invention. It should also be wunderstood that

al t hough an equal step increase is shown in Fig. 4, an uneven increase may

al so be utiliz pthin the scope of the present | 1,0
begi nning of t egbggﬁ%gggtéqry@ecﬁv%% Wgyéj? 85%@8{8 é%q%ll);oés‘éu?'?&%aééﬁg%hose
sidewal | of.the photoresi st mask are nore charged up than the open surface
et ween  SKUSR sl niinelodtatioBS haa PaRHERoRS o fiaove sk ellof diay
Fig. 5A). lons are repelled fromthe charged top surface or sidewall of
t he phot obgdNage withrut Cfﬁpé‘“iﬂﬂeff%éhe S pPRE é?oﬁ%gﬁqhﬁi“h‘ﬁ?ﬂt'ﬁ”a”&Bﬁ%‘ds‘aﬁ%{b@%
profile for the surface deposited |ayer. However, as _the plasma-assisted
dopi ng pr cderstershthahakhoughtan epen st ingeaselis sheee dhiely. 4cabgeenipcwmsage
there is | ess charge inbal ance between the open surface and the top

may also be utilized within the scope of the present invention.

At the beginning of the plasma-assisted doping process, the top surface and
sidewall of the photoresist mask are more charged up than the open surface between
the photoresist mask as it is nearer to the dopant source (see Fig. 5A). lons are
repelled from the charged top surface or sidewall of the photoresist mask into the open
surface, resulting in a dome-shaped profile for the surface deposited layer. However,
as the plasma-assisted doping process continues, the open surface also becomes
charged up and there is less charge imbalance between the open surface and the top
surface or sidewall of the photoresist mask (see Fig. 5B). lons are now randomly
deflected off the surfaces, giving rise to a more uniform surface deposited layer.
Therefore, a lower duty cycle is required at the beginning of the plasma-assisted
doping process to dissipate the charges on the top surface and sidewall of the
photoresist mask so that the dome-shaped profile will be less prominent, while a higher
duty cycle can be afforded at the later stages of the plasma-assisted doping process.
For example, a preferred beginning condition is a duty cycle of about 2-5% and a

preferred ending condition is a duty cycle of about 30-50%.
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surface or sidewall of the photoresist mask (see Fig. 5B). lons are now
randomy deflected off the surfaces, giving rise to a nore uniformsurface
deposited layer. Therefore, a lower duty cycle is required at the

begi nni ng of the plasma-assisted doping process to dissipate the charges
on the top surface and sidewall of the photoresist nmask so that the
done-shaped profile will be less prom nent, while a higher duty cycle can
be afforded at the |later stages of the plasma-assisted dopi ng process. For

exanple, a pre r Linni L b i | 2-5% and
a preferred eirﬁ" g?%&ﬁ%%’?ﬁg@fagggmﬁﬂw&yf& %Cg)? t(pgb@é% ’§'E?(P%8€/?&ﬁe Fig. 6
graphically illustrates inplant cycle factor, ( ) .as 1t rel.at t

i anmt ch mistpIEh PSSR RN G IGR R Pt FeflsER §d Breen
1 and 5. If_ICFis less than 1, the msmatch in drive curyent, between the
Lransi st ofChis ess L herRamelshiB EYPSNER BRVERE e HaBSSIERAY & wi ||
exceed the specification imt, Besides drive current, other perforpance
measur es PEYOIM@NGed@eagiemansohthe sangeaswlifier, wil Breassding sperifigglion limit.
transconductance and wite timngs. Beyond an ICF of 5, the cycle tine

wi || be t Gesidesglriveeadient otfeer perermpnesl mepisoresehay ickisiey butrare radionigd to,
preferred enbodi nent of the invention will now be described with reference

to Figs. Threskol8.volthge,  tereoondretias amyetileeitmimgangeyund drel @F ah§j tbeaycler
mask | ayout. This involves placing the transistors in the region away from

t he mask time will be too long, leading to lower production efficiency.

The second preferred embodiment of the invention will now be described with
reference to Figs. 7 and 8. The second method involves changing the transistor or
mask layout. This involves placing the transistors in the region away from the mask
edge or moving the mask edge away from the transistors. As shown by the simulation
results in Fig. 7, there is a large variation in deposition thickness near the photoresist
mask. Lines 71, 72, and 73 show the deposition thickness as a function of edge
distance when the photoresist mask 20 has a thickness of 0.4 um, 0.8 um, and 1.2 um,
respectively. Line 74 is a smoothed line representing the general trend of deposition
thickness with respect to edge distance. The area 75 near the mask edge has a much
larger variation in deposition thickness than does the area 77 away from the mask
edges. InFig. 1, area 75 corresponds to the location of transistor 12 and area 77

corresponds to the location of transistor 14.

Maintaining a minimum distance between the mask edge and the transistors will

ensure that the transistors are in the region where deposition thickness is constant so
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edge or noving the mask edge away fromthe transistors. As shown by the
simulation results in Fig. 7, there is a large variation in deposition

t hi ckness near the photoresist nmask. Lines 71, 72, and 73 show t he
deposition thickness as a function of edge distance when the photoresi st
mask 20 has a thickness of 0.4 pm 0.8 pm and 1.2 pm respectively. Line
74 is a snoothed line representing the general trend of deposition

t hi ckness with respect to edge distance. The area 75 near the mask edge has

fromthe Tad3hends bl e BdfgPBLindh hB bRREAHRE b ARSI Eat Phis” 7 AV
t i 12 d, 7 .t,he | i f i St 14.
i o i e AR 50 S IR B tol FtTRen 8 BBt L AR ReRERG, o1 s
i an where derllo i

i

will ensuyre that the transistors are in the re ition
t hi ckness JeVePheRROtESISt askgandAELS Qe*ﬁé'alfi% T8 SPAYIPURT- o B HBER ¢ he

dopant profiles of transistor pair. This mninmum distance from edge of the
phot or esi stistapgskisinfelgeaiin gbisasth SOH®. Jpacd Hystraies weerPospiblglay Pl wheret

masks, and can be determi ned from sinmulation. The mninmum distance is

pr ef er abl yraasistara argl $9pra bethgpasged fanmstoughdrmthe peslks 2Bleslgedhaithe wher e
transistor 12 and 14 are both spaced far enough fromthe mask 20 edge that
t he deposiebbsition thickeasababeeace frahsistarrs nsarty corstarearlhys civeseanting Thus,
the resulting dopant concentration of both transistors 12 and 14 is the

sane. dopant concentration of both transistors 12 and 14 is the same.

It should be understood that although the above description illustrates a
transistor pair, one skilled in the art would appreciate that the present invention can be
applied to more than two transistors where it is important to have equal or similar
dopant concentration. It can also be applied to devices other than transistors where

uniform dopant profile is desired.

The process of the present invention focuses on minimizing transistor mismatch
by: 1) using duty cycle ramping to neutralize charges on the photoresist surface, or 2)

changing the design, such as mask layout, to fix transistor mismatch.

In conclusion, we note the following advantages of the present invention:
. Ability to dope a transistor pair with equal or similar dopant concentration.
. Reduced variation in transistor mismatch due to chamber condition as

chamber condition affects surface deposition.
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It should be understood that although the above description illustrates a
transistor pair, one skilled in the art would appreciate that the present
invention can be applied to nore than two transistors where it is

i nportant to have equal or simlar dopant concentration. It can also be
applied to devices other than transistors where uniformdopant profile is
desired. The process of the present invention focuses on m nim zing

transi stor msmatch by: 1) using duty cycle ranping to neutralize charges
on the photoresist surface, or 2) changing the design, such as mask

| ayout, to fiXxetranBelslydhe mesdddrahord sophistichiesl aneuit Wesigotthatt dedivers baiterng
advant ages of the present invention: Ability to dope a transistor pair with

equal or shdtthed cldeRidal prRIMERALE Bbtvisen twlestuaetd tyaidigtbison i n transi stor
m smat ch due to chanmber condition as chanber condition affects surface.

deposition. 14, Del mr, bsd ' ' | that

delivers better mw%%’gméﬁggﬁ Qc{iﬁr&gé@fegtre%h?gbggté%teﬁk{k&gé%?%ngtﬂﬂb

transistors. Wder_lLithography margin due to inproved resist thickness and
Frby BrEEEpt

profile. Easy to hough the preferred enbodi ment of the
present invention has been illustrated, and that form has been descri bed
in detail, it will be readily understood by those skilled

Although the preferred embodiment of the present invention has been illustrated,
and that form has been described in detail, it will be readily understood by those skilled
in the art that various modifications may be made therein without departing from the

spirit of the invention or from the scope of the appended claims.
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in the art that various nodifications nmay be nade therein w thout departing
fromthe spirit of the invention or fromthe scope of the appended clai ns.
15 What is clainmed is: 1. A method for mnimzing device m smatch by
provi di ng consi stent doping concentration in a plasma-assisted ion

i npl antation process conprising: providing two or nore devices in a

sem conduct or substrate; providing a photoresist nmask exposing said two or
nore devices; and inplanting ions into said two or nore devices to obtain
sai d desired dopant concentration wherein said inplanting conprises:

i nt roduci Nghatopalaimeadss:i nto a pl asma- assi sted dopi ng chanber at | ow duty
cycle, pulse width and dose at the beginning of said plasma-assisted ion

i npl ant ati,o aocess; .and.gradual ly increasin i wi th each
successi vé' &H‘g@oﬁﬁ?ﬁ limrgmlzg&sﬁ?v&e H%%Hﬂt[c@%’rﬁégﬁfjﬁgﬁ%gg%l}éslmgjéﬁ !ﬂ%ned. 2. The
met hod according .to.claim1l wherein said deyjces conprise.transistors. 3.
The met ho@ORERBFAIPAAN FP & BR SIS IRAPR THPERIAI OB EBare (RO WIS | ses a hydr | de
of a dopant species. 4. The nethod according to claim1 wherein said duty
cycle is defi n@PViNg o phfnose gevices in a semiconductor substrate;

providing a photoresist mask exposing said two or more devices; and
implanting ions into said two or more devices to obtain said desired dopant
concentration wherein said implanting comprises:
introducing dopant gas into a plasma-assisted doping chamber at low duty
cycle, pulse width and dose at the beginning of said plasma-assisted ion implantation
process; and
gradually increasing said duty cycle with each successive pulse until a

desired dopant concentration is obtained.
2. The method according to claim 1 wherein said devices comprise transistors.

3. The method according to claim 1 wherein said dopant gas comprises a hydride of a

dopant species.

4. The method according to claim 1 wherein said duty cycle is defined as the ratio of

pulse width to the period between pulses.

5. The method according to claim 1 wherein said gradually increasing duty cycle gives

charges accumulated on said photoresist mask time to dissipate thereby minimizing the
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pul se wdth to the period between pul ses. 5. The nethod according to claim
1 wherein said gradually increasing duty cycle gives charges accunul ated
on said photoresist mask tine to dissipate thereby mnimzing the 16
chance of said ions being repelled fromsaid photoresist mask and
depositing on said substrate thereby blocking inplantation. 6. The nethod
according to claim1l wherein said duty cycle increases in a step function.
7. The nethod according to claim1l wherein a preferred begi nning condition

condi 1 on PENE § Fc FBIER: RRBtbe SEhPoRs sl RGeS ReR0d B T B 5o
provi di ng cpnsi.stent dopi hg concentration in a plasnma-assisted ion

i npl ant at iSHﬁ&b?tSé'é%@bEg’R’&kﬁ@i'ﬁ@.ar}t?ﬂ%duci ng dopant gas into a

pl asma- assi st ed dopi ng chanber at |ow duty cycle, pulse width and dose at
t he begi nning of said plasma-assisted ion inplantation process; and
gradual ly increasing said duty cycle with each successive pulse until a

desired ~§ophntmetbad aaeordinada daimobwhprai said duty eyl infsepsesdB Adtar funstienai m
8 wherein said dopant gas conprises a hydride of a dopant species.

7. The method according to claim 1 wherein a preferred beginning condition is a duty
cycle of between about 2% and 5% and a preferred ending condition is a duty cycle of

between about 30% and 50%.

8. A method for providing consistent doping concentration in a plasma-assisted ion
implantation process comprising:

introducing dopant gas into a plasma-assisted doping chamber at low duty cycle,
pulse width and dose at the beginning of said plasma-assisted ion implantation process;
and

gradually increasing said duty cycle with each successive pulse until a desired

dopant concentration is obtained.

9. The method according to claim 8 wherein said dopant gas comprises a hydride of a

dopant species.

10. The method according to claim 8 wherein said duty cycle is defined as the ratio of

pulse width to the period between pulses.
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10. The method according to claim8 wherein said duty cycle is defined as
the ratio of pulse width to the period between pul ses. 17 11. The net hod
according to claim8 wherein said duty cycle increases in a step function.
12. The method according to claim8 wherein a preferred begi nning condition
is a duty cycle of between about 2% and 5% and a preferred ending
condition is a duty cycle of between about 30% and 50% 13. The net hod
according to claim8 further conprising: providing two or nore devices in a

Sem Cond!J(ﬁH(?ﬁ'ha%ﬁ’d&%@%‘%comﬂ{rﬁ}é!cﬁﬂiﬁﬂa %pBHé?ﬁ géﬁsdtﬁ)t/c S ¥ FERQRIIAG Q?ﬁd two or
nor e devi ces; an riplant i igions 1 nNto saird two’ of nore devices to obtain
sai d desired dopant concentration wherein said gradually increasing duty
cycle gi végmé'ﬁgrges accurrul ated on said photoresist mask tine to dissipate
t hereby m nim zing the chance of said ions being repelled fromsaid

phot oresi st mask and depositing on said substrate thereby bl ocking

i nplantation. 14. A nmethod for mnimzing device nm smatch by providing

consi st ent’2ddpe maethed aeedrding Peirinm wheres geraiesiesthaginning CoRliten &ta duty

process conprising: providing a device or nmask | ayout wherein two or nore
devi ces arycleadhephegredbout 2% and 5% and a preferred ending condition is a duty cycle of

between about 30% and 50%.

13. The method according to claim 8 further comprising:

providing two or more devices in a semiconductor substrate;

providing a photoresist mask exposing said two or more devices; and

implanting ions into said two or more devices to obtain said desired dopant
concentration wherein said gradually increasing duty cycle gives charges accumulated
on said photoresist mask time to dissipate thereby minimizing the chance of said ions
being repelled from said photoresist mask and depositing on said substrate thereby

blocking implantation.

14. A method for minimizing device mismatch by providing consistent doping
concentration in a plasma-assisted ion implantation process comprising:

providing a device or mask layout wherein two or more devices are each placed
at a distance from a photoresist mask edge in order to provide consistent doping

concentration from ions implanted in said plasma-assisted ion implantation process.
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at a distance froma photoresist mask edge in order to provide consistent
doping concentration fromions inplanted in said plasma-assisted ion

i npl antation process. 18 15. The nmethod according to claim 14 further
conprising: providing said two or nore devices in a sem conduct or
substrate; providing said photoresist mask exposing said two or nore
devices; and inplanting said ions into said two or nore devices to obtain
sai d desired dopant concentration wherein sonme of said ions are repelled

fromsaid Bgﬁhgi'ieﬁh&iﬁg‘fe‘%@@qg clﬁﬁpﬂls\jugtﬂgr g&n?gﬁﬂgsubst rate in a surface

| ayer, v\,he1 l'ayer  has cons thi ckness in a central

area nore than said di stance from said edge of. said hot oresi st mask, and
Sherein sai d UGG Sk bR RSB R ies  Arsiss RtoRURSPEEE R dopi o
concentration in said two or nore devices. 16. The nethod, according to

clai m 14 wher ePFPRING SaiOhatRresist Mask &% AN SRR HEO e RSN 2BBr t i ons of
sai d photoresist mask. 17. The nmethod according to claim 14 wherein said

di stance is at implastingsaidjens iniosaid two or more devices to obtain said desired dopant

concentration wherein some of said ions are repelled from said photoresist mask and
deposited on said substrate in a surface layer, wherein said surface layer has a
constant thickness in a central area more than said distance from said edge of said
photoresist mask, and wherein said constant thickness surface layer allows consistent

doping concentration in said two or more devices.

16. The method according to claim 14 wherein said distance is dependent on spacing

between portions of said photoresist mask.

17. The method according to claim 14 wherein said distance is at least 0.50um.
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