;e3eY[ YXD: 6L6TBK3VETHOD FOR MONI TORI NG | ON | MPLANT DOCSES Fl ELD OF THE

| NVENTI ON The invention relates to the general field of electrical
characterizati on of dosage and energy of inplant, particularly | ow dose and
| ow energy and nore specifically to ways to i nprove repeatability of

measur enent during nonitoring. BACKGROUND OF THE | NVENTI ON There are
several known nethods for nonitoring ion inplant doses, including sheet

resi stance based net hods and thernmal wave based met hods. However, these two
methods are not sengitj u reliahl nmoni toring | ow
dose 1 E11 cm z) ﬁﬁ%ﬁﬁ@ﬁg@?’(ﬁ&?ﬁw ﬁf’zﬁﬁ%l-xﬁ%l&é%E&y | on Mass
Spectroscopy (SIMS), which is another nethod for inplant nonitoring, has

t he advantage of high sensitivity, but its |ow throughput limts its
applicability for in-line process control. Techniques that enploy the
measur ement of Surface Phﬁﬁb@l@%ﬁHRMﬁNTl@wet erm ne doping concentration
can be used for nonitoring | ow dose inplants but the results obtai ned when
usi ng such {Teéerinveniies ralates) entheagénerabfield e etabtradab chafacterization efidbsare

dopi ng measurenent. i In view of the above, a nethod which is able to
provi dendoererge @f dehpizink partigulariy |96 skl aid oW ehernand hidtg spevifidaisetoand

| ow energy ion inplants is to be desired. A routine search of the prior art
was peWagtsrt@dnwdvh repeathblity i idadiRERANE&IPohéfigst being found: US
4,854,710, Opsal et al. Method and apparatus for evaluating surface and
sub-surface features in a sem conductor. US 4,755, 049, Bonback et al.

Met hod and apparatus for neasuring the ion inplant dosage in a

sem conductor crystal. US 5,074,669, Opsal Mthod and apparatus for

eval uating ion inplant dosage |l evels in sem conductors. US 5, 661, 408,

Kam eni ecki et al. Real 4} i34 RE I i conductor wafers. US
6, 268, 916, Lee at al. Sﬁééﬁ\%uﬂﬁnoggﬁé[@(ﬁ@gﬁﬁg}asuremnt of sanples. US
6, 265, 890, Chacon et al. In-line non-contact depletion capacitance

measur enent net hod and apparatus. US 6,326,220, Chen et al. Method for
determ ni ng near surface doping concentration. US 6,011,404, Ma et al.
System and nethod for determ ning near surface lifetinmes and the tunneling
field of a dielectric in a sem conductor. US 6,489,776, Stowe et al.

Non- cont act Thetharg sevenab&oownovethods ddr inconitbeing rion rimpéart rdosesainckudirigic e
carrier mobility in conductors. It should be noted that none of these prior
art r efsheehmesistanicy basas nidikods ahdl éherodal vegpueobasad methodse s pledieatt, thelse | ng

| ow dose ion inplant nonitoring. 2 SUMVARY OF THE | NVENTION It has been

an obj esb méthaasIaasﬁotomsnwbomdugwtoobe_tranaam{\g%@atfo'r- RYSHIONAG [6W d¥sev( de a
“method for neasuring near surface densities (NSD) of inpurities, such as

1E11cm'2) and low energy (<10keV) implant. Secondary lon Mass Spectroscopy
(SIMS), which is another method for implant monitoring, has the advantage of high
sensitivity, but its low throughput limits its applicability for in-line process control.
Techniques that employ the measurement of Surface Photovoltage (SPV) to determine
doping concentration can be used for monitoring low dose implants but the results
obtained when using such techniques are generally not reproducible for near surface

doping measurement.




i npl anted ions, in sem conductors. Another object of at |east one

enbodi nent of the present invention has been to inprove the reproducibility
of said nethod relative to the current art. Still another object of at

| east one enbodi nent of the present invention has been to inprove the
sensitivity of said nethod relative to the current art. A further object of
at | east one enbodi nent of the present invention has been to provide a

met hod for neasuring contam nation due to an oxidation furnace These

Sersconauct 3 V65 o8 SR BT oy e B rarled Bead ol an

sem conduc ace .char e regi on; adjusting the inplant proflle such that
the peden§ Nlt%%ICIZ Qﬁlﬁorfeg Qw48 ?enemeaeraynen gnplaeeds&ba@eﬁm%rface

t her eby reduci ng the sensitivity of a doping neasurenent to the depletion
wi dt h. Thus, when a surface photovol tage (SPV) neasurenent is nmade it is
insensitive to the width of the depletion |ayer. For a given oxide

t hi ckness, thiautinelsgarch akthiegpricx st wab performedmplithnthe daliovgng redeliencesaf |y,
variations 3 inthe initial wafer surface condition have been m nim zed
by contintetdst beirgffouhd: char gi ng dose and sequence prior to measuring the NSD
using the SPV techni que. BRI EF DESCRI PTION OF THE DRAW NGS FIG 1 shows how
different values for the surface barrier voltage are obtained from

successi ve readings. FIG 2(a) shows how the inplanted ion concentration

can be very \gpnsas4, 70,1 Op Eﬁleet"“aldtl\ﬁ'etﬂf)dgj? gﬁ%ﬁgsog)rle%ﬁfating'&rfa%@béncfhows

how this sensitivity can be greatly re conpareS errors 1 n NSD

{he. surt Bue HEURES P a seREol Al US4 7040, BrtleRek S afiver g?&?id oo
Z“S%“%ﬁ%@s‘tvﬁ%ﬁﬁéﬁg@% IneSion ShpBRLc3aie gn e Sacedidy sRERICLES
I ndi Caté,&ﬂEGé&abpsgle od %Hcrjfa%cp%rgtﬁg r’rjor evglgg%lr? |onh?ns1p a%terc]iorsggg rI]eevels in
semiconductors. US 5,661,408, Kamieniecki et al. Real time in-line testing of
semiconductor wafers. US 6,268,916, Lee at al. System for non-destructive
measurement of samples. US 6,265,890, Chacon et al. In-line non-contact depletion
capacitance measurement method and apparatus. US 6,326,220, Chen et al. Method
for determining near surface doping concentration. US 6,011,404, Ma et al. System
and method for determining near surface lifetimes and the tunneling field of a dielectric

in a semiconductor. US 6,489,776, Stowe et al. Non-contact mechanical resonance

method for determining the near surface carrier mobility in conductors.

It should be noted that none of these prior art references addresses the problem

of reproducibility especially during low dose ion implant monitoring.




4 FIG 6 shows how differences in the initial state of the sem conductor
surface can lead to wong results if too large a charge is injected. FIG 7
show t hat consistent values of NSD will be obtained if the teachings of the
present invention are used to neasure them FIG 8 is a normalized plot of
NSD as a function of inplant dosage in the range of from6.79 to 7.21 x 10"
atons per sq.cm , illustrating the high sensitivity of the nethod of the
present invention. DESCRI PTION OF THE PREFERRED EMBODI MENTS The present

i nvention adapts el ectri - ol ar Surface Doping (NSD)
using Surface Photovol taé@“@@%@dpmgtlﬁgﬁﬁggﬁl rements of the
sem conductor industry in terns of sensitivity and reproducibility of

i npl ant dose and energy neasurenents. The nethod in the present invention
consists of the follow n% principal steps: 1: Formng a dielectric |ayer

(pref er abl y lahaspeenan oRischel 13k Igasvine smberinaent: ofetheepiesentinyveptions te f ace
foll owed by the determ nation of the NSD using SPV. The latter s makes
use of Rravdechmeibed for measddnd eeposutface sieasities (NSDY) i drimpueties dsush as
chargi ng the sem conductor surface with charge density, Q (C.cm2). The
rel at i dmpldanted mmspiersahieondisdord. depl etion | ayer is shown in Equation 1:
Q _&S=gNaW Eqn. (1)

Another object of at least one embodiment of the present invention has been to

improve the reproducibility of said method relative to the current art.

Still another object of at least one embodiment of the present invention has been

to improve the sensitivity of said method relative to the current art.

A further object of at least one embodiment of the present invention has been to

provide a method for measuring contamination due to an oxidation furnace.

These objects have been achieved by forming a thermal oxide layer on the
semiconductor surface thereby minimizing the charge leakage in the semiconductor
space charge region; adjusting the implant profile such that the peak of the profile is
positioned at the silicon-oxide interface, thereby reducing the sensitivity of a doping
measurement to the depletion width. Thus, when a surface photovoltage (SPV)
measurement is made it is insensitive to the width of the depletion layer. For a given

oxide thickness, this holds true for a single ion implant energy. Additionally, variations



Wiere Wis the depletion wwdth, Q- is the induced charge density and NA is
the acceptor density. Wien a known anmount of charge, of density Q is
injected into a sem conductor surface, a portion of the induced charge nmay
be imaged into the sem conductor space charge region, while the rest wll
be imaged into the interface traps between the | ayer of native oxide and
the sem conductor surface. As native oxide is known to be very | eaky, the
decay of resulting surface barri er (Vsg) is expected to behave as shown in
FIG 1. or. rtoc fine t ducdcharedns th| t he

sem codHJ@? aﬁéfrﬁf@'i? %}A“ \repoen "an'&%fdie S@th'%e \beshieging
(pref er%{ er mal oxi dei is for rred on_the sem conductor surface prior to
i npl ant i@qtﬁnﬁﬁtﬁ"% q/megRyENgthey "é@PrLISdﬁQ tecIP ¢ ferhméaug: own af t er

i mpl antatlon as part of the activation process. Nornmally, rapid thermnal
annealing (RTA) is used as the activation process after inplantation.
However, in order to grow this dielectric |ayer after inplantation, RTA can
be repl aced by rapiBRIEe2ESCRIRT N QG THEDRABVINGS sur f ace of the

sem conductor capped with thermal oxide helps to mnimze the density of
surface traps and charge | eakage. 6 2: Tailoring the inplant profile so
that inplanted peak concentration is at or close to the

di el ectri c- R, CloBKMIGS Pow BitBFdrAGRIueERr Thé %ﬁH‘a&@ ué.ﬁr&rmdrtfagbl%Pe 'BHgHEETENT S
relates to the sem conductor depletion layer. Eqn. (2) shows

rel ati gpshisdc W’eer% gdepletion width, W the surface barrler Vse, and
t he dopi ng, NA F%j eaE /q.Np).(VSB - kT/q)j% Eqn. (2) V\here so is the
permtivity of free space, s is the Si dielectric constant, Qis the

el ementary charge, and kT is the thermal energy. Depletion width, W is

dependent on. unctl vplt.a cha in bias wll br| bout
Fond ust mentGr 2oy G ATanGe S intehen far baas ksensiveS fton i n
FIG 2 a.rr@_[g# ts, o |st|V|ty as a function of distance fromthe oxide
sem condth othesep t'&@ AY8s shown there, when the bias changes between Q +
DQand Q- 4Q the depletion width varies by W 4W The dopi ng
concentration in the depletion region, which corresponds to the area under
the curve there, will also therefore vary. Under conditions of non-uniform
dopi ng, meadufe 2 shodsrowitis senditévity gphdret grpaty redeicetiopes signi ficantly
are highly susceptible to the introduction of variations in W(FIG 2a
exanpl es) as conpared with neasurenents done at the peak of the inplant
profile (see FIG 2b exanples)..

FIG. 3 compares errors in NSD values for the two cases shown in FIGs. 2

FIG. 4 plots NSD as a function of the surface barrier voltage for ions implanted
with different energies, showing that the curve is flat for only one of these implant

energies.

FIG. 5 shows how the presence of an ion trap can give misleading premature

indications that the full surface barrier voltage has been reached.



If the depletion width remai ns unchanged for every neasurenment, as shown in
FI Gs. 3a and 3b, changes in dose can still be accurately resolved. However,
a surface concentration that changes as the depletion wi dth changes (going
from3a to 3c) will result in large errors because of the varying nature of
the inplant profile slope. However, if the concentration within the
original and expanded depletion regions is relatively flat (going from 3b
to 3d) the possibility for error is greatly reduced Thus, it is necessary

to adjust t i Iant rof so that closer to the

seni conduct gﬁGd' ?@%"f’? ﬂ'ﬁgﬁ@?@é '"'Ith%r"e't'glsgt ﬁe'@fﬁ-‘é’”ﬁ)alﬁof SUEaFe or
the inplant profile. varyi ng the thermal oxi de t hi ckness and freezing
“the |mﬂa§ﬁ?a§ﬁ%}”&§ﬂ%ﬁes s 1 4¢9 IaRge archargmisdniecteder gy based on a fi xed

t hermal oxide thickness. To confirmthe effectiveness of the invention, the
second way was selected. A layer of thermal oxide having a thickness of
10nm was fornmed on the sem conductor wafers. These oxidi zed wafers are

i mpl ant ed wiRklG. Bahow that dirisistertyaliegpdaNSDearil bgi cddainad ifithg tdachingsaidhe t o 20
keV so as to determ ne the opti numinplant energy. The NSD of the wafers
wer e t heresemtdsvergionfae uded tenakusithkate barrier vol tages (VSa) using SPV
techni ques on our equi pnent (SDI FAaST230). As seen in FIG 4, doping at an
i npl ant energy of 18 keV provided the flattest curve, inplying that, at
this inplant ener gy, the concentration is | east dependent on VSB. s

Det er m ni ng jhe gSy L4 I tov\sip? JEEARHCBOR ok nﬁ?l%ﬂfd%‘s@éé irnr:lﬂ% nl:?l{"% ace

concentration is In ependent or a given | nplan

experi t t.albped el Tk i et range
of " sur {iotn 8 840 7 2 o8 10 CaloME hEE aienl s PR e ﬁléﬁa"%r\?@“@s‘f@ﬁﬁ@?am
for smal | face barrier voltage. In this invention,
renainéngvﬁgéﬁ%y%ﬂgFgﬂpmVS?“WBB ranging from0.29 Vto 0.36 V at 18keV
This constant VSB range is different for different inplant energies, as
shown in FIG 4. 4. Selecting VsB for starting neasurenent and determ ne
the total amount of charge density needed to bias surface into the
space-charge region. As the initial surtace condition of a Si/Si02 is
arbitrary, VSB on the oxidized sem conductor surface has to be adjusted so
as to ensure that it is biased into depletion at the start of the optinmm
range. This adjustnent is done by introduction of charges to bias the

sem conduct or sur tRESCRIRTIQNIOF TIHERREFFRRED ERMBADIMENT®UNt of charge
density needed to bias the surface into space-charge neasurenent,
repetitive charging and contact potential difference neasurenents were
performed. FIG 5 shows the results of the neasurenents with interface

traps both H’f@sﬁrﬁg‘.eﬁtrlﬁv&ﬁ%rﬁda Yg‘ﬁlécfrg:%f-ﬁaé ﬁfetrb{li?grcff%rtg ce@FoAGWN 1 N

FIG 5(a), total anount of cha ge needed to bl as sem conductor 'sufface

I's Q- INSHHS Wi SHITYEY CPholdVoitdfe PISISHCH “meet the requirements of the

semiconductor industry in terms of sensitivity and reproducibility of implant dose and
energy measurements.

The method in the present invention consists of the following principal steps:

1: Forming a dielectric layer (preferably a layer of thermally grown oxide) on the

semiconductor surface followed by the determination of the NSD using SPV. The latter



of interface trap 51, as shown in FIG 5(b), a plateau occurs at Vsa=0.29.
Selecting the correct VsBis inportant if interface traps are to be
avoided. In the case of FIG 5(b), when VSB=0.20 the total anpunt of charge
required is Q-~ but when V5B=0.35 the total amount of charge required is
Q-z which can then be selected. 5: Conpensating for variations in the
initial wafer surface condition by controlling the charging dose and
sequence. After the total anmount of charge density needed to bias surface

i nto space char measurengnt fo predefined VSg has been determ ned, the
next < TBARaUge, SEE R e AP clerfpaRir rarl i conahion Geeales Dy Shailice tos
charging. This is done by dividing the total charge density by half the
al | onedeEHePiUsiprsaiass vdthphargeidangity. ChC.emd). pnent. As illustrated in FIG
6, a single pulse of large charge (e.g. 1.3E12 C/cnR) can bring about |arge
variations in the surface barrier for the starting nmeasurenent due to the
initial surgag_ce variati on&.r So, instead of appl l>1/i ng.a_si ngl e chargi ng pul se
to bi as tenglalionslipdatuesn & and,sqid deplationdayerihshema inFaatiesst is reduced to
(e.g. 2.2E11 C/cne). Each small pulse is then successively applied until
the predefi -8 MW._ 0 20\) is reached. UsifF@n.h} s techni que, the
nunmber of pul se required to bias VsB to 0.20V can be varied to ensure that
every neasuMéhenst Wsisathesdepletinnwisith, t Qeissthednducctaahargadensity sed N.rig ther al |
wafers, despite wide initial surface variations. 6: Obtaining SPV signals
t o det excoepier tlbasityear surface dopi ng concentration. io  The SPV
nmeasurenent to determ ne the NSD value is perforned. For the present
invention this measurenment was performed using netrology tool, SDI
FAaST230. As the noise of a SPV signal can also contribute to the
reproduci bi ha NS 3 via b Ll:ter kN

p When Brii ﬁw%ﬁn?&PEheﬁfg?,aeéﬁce%Ert@g?@, |st|ﬁc]§ct£aﬁ éﬁtgia 8émideRddast ng

diode in the neasuring tool was re enhan gnal -t o- nol se
reasur oonacey 3 paior of B AR MEY b el G 3% REicelullr SBat%Y < ne
Fr emondb AL RsIah iR PF sFaTE b miadpa S M HSERhe iERk DEMAeBTP IBYeBAL dose
5" cop B ae S ARmatEe et S RIEN TRV G o SNBLa DYy Teaky,
measur enent s of dopant concentration, especially for |ow dose inplants.

‘ pa :
Hi ghl y 1R deray obresuliing strfage batter (¥mais expestashiorbahove asehowni inlFIG. for | ow
dose

In order to confine the induced charge density, Q,, within the semiconductor
depletion layer, a layer of a good quality dielectric {preferably thermal oxide) is formed
on the semiconductor surface prior to implantation. Alternatively, this dielectric layer
can be grown after implantation as part of the activation process. Normally, rapid
thermal annealing (RTA) is used as the activation process after implantation. However,
in order to grow this dielectric layer after implantation, RTA can be replaced by rapid
thermal oxidation. Having the surface of the semiconductor capped with thermal oxide

helps to minimize the density of surface traps and charge leakage.



i npl ant; Low cost and ease of inplenmentation. a Can serve as a powerfu
resource for process inprovenent, nonitoring, and control of the inplant
process. Can give early warning of potential problens if incorporated in
SPC control. Helps to reduce downtine and facilitates troubl eshooti ng.
Enabl es tighter sub-threshold Voltage (Svt) control to enhance yield.
Applicable for cross-contam nation check in any oxidation furnace. What is
clainmed is: iz CLAIMS 1. A nethod to inprove reproducibility of surface

phot oval, e.nmeasure ts of a sepm cqonductor, conprijsing. formng. a

G o1 oo TatpugE e B profl: & el kvaaniat ek sonERar sy s Al af Slogodd e

di el ectyic-sem conductor interface; inplanting ions, having an energy

range, UHERICIPEMICONUCioRinteAge i ons have their maxi mum concentration | evel

at said dielectric-sem conductor interface; and then performng said

surface photovoltage neasurenents. to 2. The nethod described in claiml

wherein said dielectric layer is selected fromthe group consisting of

silicon oxi dhe siffecten depthi de N3IDdredasorements xredates 3to Tthe semnivodddetecr i bed

in claiml wherein said sem conductor is silicon and said is dielectric

| ayer idepétionclageroxiBtm. f(2) shewdihd Relatigrshix beRidepntheddeplétonwidiodvdeser i bed

inclaiml wherein said dielectric layer is at |east 20 Angstrons thick.
surface barrier, Ves, and the doping, Na:

W =[(2&,6/0.Na).(Vss - kKT/q)]'% Eqn. (2)

Where &, is the permitivity of free space, ¢is the Si diglectric constant, Q is the

elementary charge, and kT is the thermal energy.

Depletion width, W, is dependent on the junction voltage, thus a change in bias
will bring about readjustment of W to a new appropriate value. The various examples
shown in FIG. 2 are plots of resistivity as a function of distance from the oxide-
semiconductor interface. As shown there, when the bias changes between Q + A Q and
Q - AQ, the depletion width varies by W £ AW. The doping concentration in the
depletion region, which corresponds to the area under the curve there, will also

therefore vary.

Under conditions of non-uniform doping, measurements done where the implant
profile slopes significantly are highly susceptible to the introduction of variations in W
(FIG. 2a examples) as compared with measurements done at the peak of the implant

profile (see FIG. 2b examples).



20 5. The nethod described in claim1l wherein said inplanted ions are

sel ected fromthe group consisting of Boron, Phosphorous, and Arsenic. 6.
The net hod described in claim1l wherein said ion range is greater than 1
keV. 13 7. The method described in claim1l wherein said ions are

I mpl anted at a dosage | evel of less than about 7 x 10" ions per sq. cm s
8. A nethod to inprove reproducibility of surface photovoltage neasurenents
of a sem conductor, conprising: inplanting ions, having a narrow energy
range, into said sem conductor; then formng a dielectric |layer on said

sem conductor surface, thereby creating a dielectric-sem conductor

i nterface, jd dielectrig¢c |ayer having a thickness selected so to that

sai d inpl anﬁfg{ﬁ @?@eM@IICfthéﬁ %Wﬁlﬁ%@ﬁd‘@hﬁ@% pRasEemenkass gheyvn in
dielectric sem conductor interface; and then perform ng said surface

phot ovdilBggda @pdsih shanges inddospneamsiilhiorl agewetahbeasolvede | Howe \@riva sudaee sai d
dielectric layer is selected fromthe is group consisting of silicon oxide,
si |'i corconcentration thadl chhoges amtba idbpletivd. widlthe chandesd(gbar frobeda ito o) aviln 8
wherein said sem conductor is silicon and said dielectric layer is silicon
oxi de fresufedn bgrgehermoed becadsée | afnthe2@afying Hatureebheide dagidrit berdfiien sipal m 8
wherein said sel ected thickness of said dielectric |ayer is at |east 20

Angst r Higwevet, if thd. cotentratiow dvithes hé RERJIraD ddabiphaslaeashBtisipirdgibn®lignt ed
ions are selected from
relatively flat (going from 3b to 3d) the possibility for error is greatly reduced. Thus, it is
necessary to adjust the implant profile so that its peak comes closer to the

semiconductor-dielectric interface.

There is more than one way to tailor the implant profile. By varying the thermal
oxide thickness and freezing the implant energy or by varying the implant energy based
on a fixed thermal oxide thickness. To confirm the effectiveness of the invention, the

second way was selected.

A layer of thermal oxide having a thickness of 10nm was formed on the
semiconductor wafers. These oxidized wafers are implanted with boron at different
implant energies ranging from 16keV to 20 keV so as to determine the optimum implant
energy. The NSD of the wafers were then measured for different surface barrier
voltages (Vss) using SPV techniques on our equipment (SDI FAaST230). As seen in
FIG. 4, doping at an implant energy of 18 keV provided the flattest curve, implying that,

at this implant energy, the concentration is least dependent on V.



t he group consisting of Boron, Phosphorous, and Arsenic. 13. The net hod
described in claim8 wherein said ion energy is greater than 1 keV. s 14.
The net hod described in claim8 wherein said ions are inplanted at a dosage
| evel of |ess than about 7 x 10" ions per sg. cm 15. A nethod to bias a
sem conductor surface prior to perform ng surface photo voltage
measurenents, conprising: io determning an anount of charge that is needed
to bias said sem conductor surface into full depletion; and then injecting

into the d t | tt I
Lot al | pholBerEnARg. t SrRrRcBaReT o MeasBSiaititaned BHohiBRL SUMACE he
senm conduct or described in claim15 wherein said anpunt

d
of charcé’é‘c?ﬂté?t'qnslsrﬂ'émdﬁﬁt@!% fanza givepimpRtdes®r surface into full
depl eti on |s bet ween 10" and 10'4 coul onbs/cn2. 20 17. The nmet hod descri bed
in clai m 15 frpey tenexparimentahtespilll geigingddnseiparitivis posaiblestof detamoine a
anot her by no nore than about 200 m croseconds. is 18. The net hod
descr i eage rof csusface 1Barvibe veitages aver Wihidht theu NSES remmaims hatatirelyutarestantdioh
bet ween 100 m croseconds and 0.5 mlliseconds. 19. A nethod for neasuring

an i nplsmmaledhamgesdivsthel surfaceebaciendoliags. havhisdndertiony NSD eemairipalnisig:
formng a dielectric layer on said sem conductor surface, thereby creating
a di el epinstant $OM/GORMIHOroMNO.20f\268:0.36 V at 18keV. This constant Vs range is

different for different implant energies, as shown in FIG. 4.

4. Selecting Vs for starting measurement and determine the total amount of charge

density needed to bias surface into the space-charge region.

As the initial surface condition of a Si/SiO, is arbitrary, Vss on the oxidized
semiconductor surface has to be adjusted so as to ensure that it is biased into depletion
at the start of the optimum range. This adjustment is done by introduction of charges to

bias the semiconductor surface.

In order to determine the total amount of charge density needed to bias the
surface into space-charge measurement, repetitive charging and contact potential
difference measurements were performed. FIG. 5 shows the results of the .

measurements with interface traps both present and absent.

When there is no interface trap, as shown in FIG. 5(a), total amount of charge

needed to bias the semiconductor surface is Q. at Vss=0.28. However, in the presence



i npl anting ions, having an energy range, into said sem conductor such that
said inplanted i ons have their maxi mnum concentration |evel at said

di el ectric-sem conductor to interface; determ ning an anmount of charge that
is needed to bias said sem conductor surface into full depletion; then
injecting into the sem conductor a succession of at |least two |ight pulses
whose total photon energy is sufficient to create said anmount of charge,
thereby biasing is said surface; applying a |light pul se of known energy

cont ent_t. i rface and th ur i a resul ti ovol t age .usi ng a
non- con fé@%@%ﬁg é'%ﬁc%ﬁ@&e%ommfeﬁm' ) Fﬂ‘%‘SQH P@&Uﬁﬂ}{{g‘%%]'?égée Bttﬁﬁg )
said i Ig{]ﬁ%@ ion dorfe. .éO ‘%‘%? The nethod described inp claim19 wherein
cai d di GG Ve 19 HYRAHAN 16 TGS AP RS fR DG AXAIeth i e iGage GIF KISk 3ok
oxide, sjilicon nitride, and al um num oxi de. 16 21. The nethod descri bed

in cl aiWhan Vard:4 thesitel ayepvrinichares requikgd s @n bitavhen Mssa0@5ckkertotal | ayer
is silicon oxide fornmed by thermal oxidation. 22. The nmethod described in
cl ai m 1@noprirafichargs required écQed whichygan then be skieated. 20 s Angstromns t hi ck.

23. The nethod described in claim 19 wherein said inplanted ions are
selected fromthe group consisting of Boron, Phosphorous, and Arsenic. io
24. The nmethod described in claim 19 wherein said ion energy is greater

than 1 KeSompénsdliing fortvardticlRs i theemitiah widiad Surddeanbsriditich BRicdnirBMiBgane
i npl anted at a dosage |evel of |less than about 7 x 10~~ iohs per sg. cm is

26. ThechapgiRgdodesptiseadendr.cl ai m 19 wherein said anmount of charge that is
needed

After the total amount of charge density needed to bias surface into space-
charge measurement for a predefined Vs: has been determined, the next step is to
define the charge density for each successive pulse of charging. This is done by
dividing the total charge density by half the allowed charging sequence provided by the

equipment.

As illustrated in FIG. 6, a single pulse of large charge (e.g. 1.3E12 C/cm?) can
bring about large variations in the surface barrier for the starting measurement due to
the initial surface variations. So, instead of applying a single charging pulse to bias the
surface barrier into depletion, the charging dose is reduced to (e.g. 2.2E11 C/cm?).
Each small pulse is then successively applied until the predefined Vss {e.g. 0.20V) is
reached. Using this technique, the number of pulse required to bias Vs to 0.20V can
be varied to ensure that every measurement starts at almost the same surface barrier

setting for all wafers, despite wide initial surface variations.
6: Obtaining SPV signals to determine the near surface doping concentration.
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to bias said sem conductor surface into full depletion is between 10" and
10" 4 coul onbs/cnR. 27. The nethod described in claim19 wherein said |ight
pul ses are separated in time 20 fromone another by no nore than about 200
m croseconds. 28. The net hod described in claim19 wherein said |ight

pul ses each has a pul se wi dth between 100 m croseconds and 0.5
mlliseconds. m 29. A nethod for neasuring an inplanted ion dose in a
sem conductor having a surface, conprising: inplanting ions, having a
narrow energy range, into said sem conductor; s then formng a dielectric

| ayer on said sem conductor surface, thereby creating a

dielectric- gﬁ?@c%onduct or interface, said dielectric |layer having

t hi ckness s EY SeasHmeny; ip idﬁfﬂrﬁ}'ﬂ%ahﬁ’dﬁ'% healiée ﬂ%éﬁ%ﬁoﬁﬁﬁﬂﬂuﬁ?r the
concentration |l evel at said dielectric sem conductor interface; determ ning
an amounes@tt @nentient His meaperemantt wasi perforned sesing ombtiolagy iteols SPhce
into full depletion; then injecting into the sem conductor a succession of
at |1 eadtAaSu3a. gifts thel peise wfos S R\d tsiinab leanoalse rcangiblits te théirepmducibditer eat e
sai d amount of charge, thereby biasing said surface; applying a |ight pulse

of knowoblear fiy steht®ntedsarsrnent, she finsicobihéd ddpsing idsodemstiel igasurirsSidol i ng
phot ovol t age using a non-contacting el ectrode; and fromsaid neasured

phot ov G AeplsRaNYtdrifangaitse b@ﬂbﬁt@tﬁasé ﬂﬁﬁgﬁﬁﬁﬁceg%ucﬁhmeﬂfﬁdl‘%rﬁéﬁ%éybed in

claim 29 wherein said dielectric |ayer is selected fromthe group

consi stigiGetlectbédry 36k AKEASPVShEAGRBMAKE fdofle, and al umi num oxi de.
CONFIRMATORY RESULTS

Implementing the methodology of the present invention, as detailed in the above
steps, has resulted in a tremendous improvement for electrical-based measurement of
ion implant dose in terms of reproducibility and sensitivity, as shown below in FIGs. 7

and 8 respeciively.

ADVANTAGES OF THE INVENTION:

Highly reproducible measurements of dopant concentration, especially for low
dose implants.

Highly sensitive measurements of dopant concentration, especially for low dose
implant;

Low cost and ease of implementation.

11



20 31. The nethod described in claim?29 wherein said sem conductor is
silicon and said dielectric layer is silicon oxide formed by thermal

oxi dation. Is 32. The nethod described in claim?29 wherein said sel ected
t hi ckness of said dielectric layer is greater than 20 Angstrons. 33. The
met hod described in claim29 wherein said inplanted ions are selected from
s the group consisting of Boron, Phosphorous, and Arsenic. 34. The net hod
described in claim?29 wherein said ion energy is greater than 1 keV. 35.
The net hod scribed in claim%9 whereifn said ions are inplanted at a
dosage to | SVe a3 @ PRWRMULERROUTCS, TOMoPIOCcERS IHRFOVERetn{NOBHONAg ALt hod
descri bed iﬂ(afc&bai.mét% wherein said anount of charge that is needed to bias
said s&¥8 PYPPERE PERSESPnt 0 ful | depletion is between 10" and 10' 4
coul onbs/cnR, 15 37. The method described in claim29 wherein said |ight
pul ses are $eaugive early waring of pelenbalorahiemsdf inspresatedrie SRtGeonrimdut 200

m croseconds. 38. The nethod described in claim?29 wherein said |ight

pul ses each Hedps t neduse dewntimetandfatilitdes todblasloaimgconds and 0.5
mlliseconds. 39. A nethod for checking contam nati on by an oxidation
furnace, cormfmabtestightdrsub-thrashiott! Woltdde 8Vipoohtest ¢@Brhasds viekduct or wafers
known to be free of surface

Applicable for cross-contamination check in any oxidation furnace.

What is claimed is:

12



inmpurities; oxidizing said first wafer under conditions that are known to
not introduce any contam nating species; s oxidizing said second wafer in
sai d oxidation furnace;; then performng first and second surface
phot ovol t age neasurenent on said first and second oxi di zed wafers
respectively; and through a conparison of said first and second neasured
phot ovol t ages, neasuring a |l evel of contam nation introduced into said
second wafer by said oxidation 10 furnace. 40. The nethod described in
claim ein said contam nation level is at |east 10" contam nant
speci es nB. is 20 . Af8\.Afqg\. AUy. AB\. A8\. AfU\. AW\. AU \. Af\. A8y. AU
VAL Ayqy. A@J L A@QN . AU AU AU y. AU?. A8" (?(Dz 49CQ t
]1?, | wnmhc”~Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca!, N&cR\ ?| K;
=Ax} xsni-d_Z}A Biethad tsapmuarwpduqlbwyc@ﬂ sufase] photevditegd cagasarempois|of4 ca) ca
] caj ca] ca] ca]ca]ca]ca]ca]ca]ca]cajca! '9l1lll z

I g! s" " wemicopductirecdrapdsinga] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] caV] ca] caU
] cal ca]ca]ca] calca]ca] calca]ca]calcalcaV]calcalcal A F)P))) *Z+++:,,,
“Ys---. | .. . GoD6Ag 1R WI6AAB | layerh oA Yaaid cadnsiahed)ated ealfadd, cmbﬁeﬂyc@ﬂe@ﬁhgad caj ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] caU] ca] ca] ca] ca! 5666F/7778+8z

888889 digledtrittseniicondudror idterta
>q>| wr mhc”Y] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca]

;:a] ;:a] ;:a] Ca]"ﬁEilgEEill }x@ﬁbgﬁ ?%};1 ef@] fa?'g%c @r? af[]':'cl Ei cai CEI lcgicg]céal_l&a]_lﬁa
caj cal 64 A@ LR GAL S

i3 R s R
P, Pt PP! M@&%@ %@b@f‘l@ﬂ% EAS]JEF‘]JT% fca] ca] ca]ca]ca]ca]ca]c

a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal U
VEAWVGAVKWARE XN XXX YYi YYY

Z77} ZZZZ[ SV Y[} x XSI’]I d Z c] ].cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]c
a] ca] c# ca] c@F deasiped]in Hain) ¢ dYherPasaid | dielpetdc Jaysrds eseleniad

Ol L10%& ()- 109& ()-p#10%& ()-6 109& ()- 3]10%& ()- 10%& ()-/z 4fG 6

10%&' (ftmgmqgo:ﬁlsyﬂg@f/&lhcgm oxide, silicon nitride, and aluminum oxide.

fY. #10%&' ()-f##10%& () - Vf ##109&' () - V! #109&' () - 46789C{ Y76! f 0O#10%&' () - & &#10
9%& ()-!p#lO%&R ()- ! SH10%&R' ()-'

3. The method described in claim 1 wherein said semiconductor is silicon and said
15 dielectric layer is silicon oxide formed by thermal oxidation.
4, The method described in claim 1 wherein said dielectric layer is at least 20
Angstroms thick.
20 5. The method described in claim 1 wherein said implanted ions are selected from

the group consisting of Boron, Phosphorous, and Arsenic.

6. The method described in claim 1 wherein said ion range is greater than 1 keV.
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10 10 10; V10%& ()-Qt bCe!f " 10% & ()-p#1l0% & ()-p 10% & ()- 10% & ()- 10

10 10;s10%& ()-t ]?dEbCE!f # 10% & ()-6! 10% & ()- yl0% & ()-SV 10% & () -

,910%4 & ()-S& 10% & ()-7?,bC6! f° 109 & ()- p#10% & ()- 10} 10} 10};

s10% & ()-*#10% & ()-6" 10% & ()- , N&cdEbC6! f " pl0% & () - s#10% & () - pl

10% & ()-& 104 & ()-p 109 & ()-C910% & ()-cR dEbCE! f " 2S10% & ()-S O

104 & ()- 6,109 & ()-0*#10% & ()-p( 10% & ()-p#1l0% & ()-?|bC6!' f 10% & ()-p

10%4 & ()- 10%& ()-p 10% & ()- 10} 10} 10},;t10% & ()-K;

dEbCE! f " (#10% & ()-S% 10% & ()- '10% & ()-P 10% & () -#10% & () - <p&

10% & ()- =dE:/ 10} 10}, ;,W0% & ()-6#10% & ()-4#10% & ()-6 0 10% & () -

S, V10% &' () -0*#109% & é)Ax xY:/ 10}S 10%& ()- ClO0%& ()-S10%& ()-109%& ()-
7. The method described in claim 1 wherein said ions are implanted at a dosage

level of less than about 7 x 10" ions per sq. cm.

5 8. A method to improve reproducibility of surface photovoltage measurements of a
semiconductor, comprising:
implanting ions, having a narrow energy range, into said semiconductor;
then forming a dielectric layer on said semiconductor surface, thereby creating a
dielectric-semiconductor interface, said dielectric layer having a thickness selected so
10 that said implanted ions have their maximum concentration level at said dielectric-
semiconductor interface; and

then performing said surface photovoltage measurements.

9. The method described in claim 8 wherein said dielectric layer is selected from the

15 group consisting of silicon oxide, silicon nitride, and aluminum oxide.

10. The method described in claim 8 wherein said semiconductor is silicon and said

dielectric layer is silicon oxide formed by thermal oxidation.

20 11. The method described in claim 8 wherein said selected thickness of said

dielectric layer is at least 20 Angstroms.
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109& () - p#109%& ()- 10}' 91dE:/ 10 10; s109& ()-' #109%& ()- S%

109& ()-f 9#109& ()- S 109& ()-109& ()-1xY:/ 10SI10% & () -

109 & ()-p#10% & ()-S 109% & ()- 10% & ()-p#10% & ()- 101 z !q!'dE /
10Ss$#109% & ()-1"#10% & ()-SI  10% & ()- 10% & () -

109% & ()-P"fCL0% & () - q! s" " #k##HH#H#dE /| 10} 10};

s10% & ()-710% & ()-5#10% & ()-i 3#10% & () - SF1

10% & () - &#10%} & () m##9% A) C) D) E) F) odYN 10} 10} 10} 10} 10}, ;

WL0% &, () - #10 ) #1009 } 10 *Z+++ EdYN 10}
o)1 2 b8 (TPPTIDRY BrscIBRbIR F5imE Woori $at mdrked Jors.AsReleqied from

- Y--dEdYN 10 6, #109& () -S* 10%& ()- %0%& () - ##10%& () - l#lO%&' ()-S
109 (Yhegrou lstl oron, Phosphorous, and Arsenic.

13.  The method described in claim 8 wherein said ion energy is greater than 1 keV,

5 14. The method described in claim 8 wherein said ions are implanted at a dosage

level of less than about 7 x 10" ions per sq. cm.

15. | A method to bias a semiconductor surface prior to performing surface photo-
voltage measurements, comprising:

10 determining an amount of charge that is needed to bias said semiconductor
surface into full depletion; and

then injecting into the semiconductor a succession of at least two light pulses

whose total photon energy is sufficient to create said amount of charge in the
semiconductor.

15
16. The method described in claim 15 wherein said amount of charge that is needed
to bias said semiconductor surface into full depletion is between 10" and 10™

coulombs/cm?.

20 17.  The method described in claim 15 wherein said light pulses are separated in time

from one another by no more than about 200 microseconds.
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10} 10} 10 10 10, ; WLOY%& ()- 6#10%& ()- 64 109%& () -

*0i 109& () - <. $109%& () - . 0s000112dEYNC 10} 10} S$ 10% & ()- P#10% & ()- 3S,
109% & ()- &109% & ()-#10% & ()- #109% & () - P1222| 444444dYNC 10} 10} 10} 10}
10};109% & ()- 710% & ()- *#10% & ()-V) (#10% & ()- #&#10% & () - 45666F77dEYNC
10} 10} !p#10% & ()-#10% & ()-S 10% & ()-P10% & () -#10% & () - VS

109 & ()- 7778+8288dEYNC 10} 10} 4Cl0% & ()-S2 109% & ()- 010% & () - SY.

109 & ()-*i 109 & () - #109% & () - 888888899bC 10} 10}6° 10% & ()-m &10% & () - S

10% & 9% LPI}‘:e lrr? th%(? }cjelsgr?i é&cll ﬂrz _c%?nhl/ll 10 gﬁu%e%ihgsla:i& :Iisht? pl?sés l_ej:a:cﬁ%as a pulse

width between 100 microseconds and 0.5 milliseconds.

19. A method for measuring an implanted ion dose in a semiconductor having a
5 surface, comprising:
forming a dielectric layer on said semiconductor surface, thereby creating a
dielectric-semiconductor interface;
implanting ions, having an energy range, into said semiconductor such that said
implanted ions have their maximum concentration level at said dielectric-semiconductor
10 interface;
determining an amount of charge that is needed to bias said semiconductor
surface into full depletion;
then injecting into the semiconductor a succession of at least two light pulses
whose total photon energy is sufficient fo create said amount of charge, thereby biasing
15 said surface; |
applying a light pulse of known energy content to said surface and then
measuring a resulting photovoltage using a non-contacting electrode; and

from said measured photovoltage computing said implanted ion dose.

20 20.  The method described in claim 19 wherein said dielectric layer is selected from

the group consisting of silicon oxide, silicon nitride, and aluminum oxide.
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10} 10} p#109% ()- | 109 ()- 10° 10 10°;

109% & ()-6110% & ()-6 10%[& ()-m:;';y;; Rca@C 10} 10 "1] &10%#e& ()-P

I TI] &10%: () - PS& 10%& ()- 10% ()-&L0% ()- 10%& () - R<<<2====dEbC 10} 10

y  0&10%&' ()-f6, 1098 ()- *#10%&' ()- YAO0Y& ()- ##10%&' ()- #10%& () - =

>q>t >u>v>w>>>bC 10} 10 v109& ()- p#109%& ()- 10 10 10; 109%& ()-f6" 109%& () -
f 21098 () - >K?f 2?@@RIELC 10} 10 \ &10%&' () -, | $10%&' ()-f0! 10%&' ()- CLOY&' () - |
#1098 ()-]&10% () - @3\ AAASBAELC 10} 10

S0 L0 0N (1) G0N (- ESL00 (O 0% () 4OV () S808eEEp

dielectric layer is silicon oxide formed by thermal oxidation.

22. The method described in claim 19 wherein said dielectric layer is at least 20

5 Angstroms thick.

23. The method described in claim 19 wherein said implanted ions are selected from

the group consisting of Boron, Phosphorous, and Arsenic.
10 24.  The method described in claim 19 wherein said ion energy is greater than 1 keV.

25. The method described in claim 19 wherein said ions are implanted at a dosage

level of less than about 7 x 10" ions per sq. cm.
15 26. The method described in claim 19 wherein said amount of charge that is needed
to bias said semiconductor surface into full depletion is between 10" and 10"

coulombs/cm?.

27.  The method described in claim 19 wherein said light pulses are separated in time

20 from one another by no more than about 200 microseconds.

28. The method described in claim 19 wherein said light pulses each has a pulse

width between 100 microseconds and 0.5 milliseconds.
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10; 109%&' () -, 210%&' ()- @ 0&10%&' () - CCCCDj DDDAELC 10} 10
\s&I0%&' ()-,P10%& ()-11#10%& ()-110%& ()-=y&l0%& ()-1"10%& ()- DDJEEEEEdEbLC

10} 10 | (#109%&' ()-\#&109&' ()-, #0109& ()-,!$109%& ()-L! 109& () -

, D10%&' () - ELFZFFFFFFFdYNC 10} 10 10 10 10; 10%& ()-, 2j 10%& ()- @ 0&10%&' () -

, +109& () -,) $10%' () - =FAGvGGG HKHAEYNC 10} 10 ,C 109 ()- !'2109%& () -

109& ()-1#10%&' ()-, d109& ()-|#109%& ()- KHHHI JI gl | dJEYNC 10} 10 6!

109 ()-,w 109& ()-0!'109%& ()-\s109%& ()-11#10%&' ()-1!109%& ()-1J!Ji JJILKAEYNC

10} 10 | 0&10%& ()-66, Z10%&R ()-0*10%&' ()- (

109&' () - &109%& () - ##10%&' () - LKKKKKKK1LLbC 10} 10 p#10% & () -

0 ! - 0, ! -

10% & (29. p#]AO r/ﬂegfhcga for measuring an implanted ion dose in a semiconductor having a

surface, comprising:
implanting ions, having a narrow energy range, into said semiconductor;

5 then forming a dielectric layer on said semiconductor surface, thereby creating a
dielectric-semiconductor interface, said dielectric layer having a thickness selected so
that said implanted ions have their maximum concentration level at said dielectric-
semiconductor interface;

determining an amount of charge that is needed to bias said semiconductor
10 surface into full depletion;
then injecting into the semiconductor a succession of at least two light pulses
whose total photon energy is sufficient to create said amount of charge, thereby biasing
said surface;
applying a light pulse of known energy content to said surface and then

15 measuring a resulting photovoltage using a non-contacting electrode; and

from said measured photovoltage computing said implanted ion dose.

30. The method described in claim 29 wherein said dielectric layer is selected from
the group consisting of silicon oxide, silicon nitride, and aluminum oxide.

20
31.  The method described in claim 29 wherein said semiconductor is silicon and said

dielectric layer is silicon oxide formed by thermal oxidation.
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10 10 10; 10%&' ()-2@0%' ()-LLL"M/MVMIEDC 10} 10 !v10% & () -
#10% & ()-s#8&10% & ()- 1110% & () - Cp#10% & () - W0% & () - MRNNNO@CJEbC 10}
10 4#10% & () - 0V10% & ()-Y.#10% & ()-)10% & ()-' #10% & () -
8] &10% &' () - OO00O0P, Pt PbC 10} 10 S10% & ()-10% & ()- p#10% & ()- 10j 10;
10j ; 10% & ()-6c10% & () -t PP! QUQQQQIELC 10} 10 VF 10% & ()-6P 10% & () -,
10% & () - &#10% & () - #10% & () - &10% & ()- QHRRRRCSSAEbC 10} 10 6' =10% & ()-%
10% & ()-6# 10% & ()-!-10% & ()-#10% & () -6y 10% & () - ss&T)T}TT/TTT?)E / 10
10j ; 10% 4100 )-f2#10%.& ()-]|010% & ()-<..@0% & #10% &
TTU-UU qu\he/ ﬁ?ét @P%fi '@ﬁl@& ?Q cﬂ)hei@% @'é@ sekd éh(cyness of “said
10% & ( p#lO% & () - qt
10j ) (#X @!F@!“P) amm%e@tqr) h#n@%ﬂmqs;romw% & ()-
#10% & () -V10% & () - =WBXnXXXXXXdYNC 10j

33. The method described in claim 29 wherein said implanted ions are selected from

5 the group consisting of Boron, Phosphorous, and Arsenic.
34. The method described in claim 29 wherein said ion energy is greater than 1 keV.

35. The method described in claim 29 wherein said ions are implanted at a dosage

10 level of less than about 7 x 10" ions per sq. cm.

36. The method described in claim 29 wherein said amount of charge that is needed
to bias said semiconductor surface into full depletion is between 10" and 10™
coulombs/cm?.

15
37. The method described in claim 29 wherein said light pulses are separated in time

from one another by no more than about 200 microseconds.

38. The method described in claim 29 wherein said light pulses each has a pulse

20 width between 100 microseconds and 0.5 milliseconds.

39. A method for checking contamination by an oxidation furnace, comprising:
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10j 10j 10j;10% & ()-4 10% & ()-|OP10% & ()-Y.#10% & ()- O0*i10% & ()-X

YYi YYY ZdEYNC 10j SY 10%v&' ()- S10%WK' ()-0910%v& ()-S 10%W ()-)10%W. ()-S
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contaminating species;
5 oxidizing said second wafer in said oxidation furnhace;;
then performing first and second surface photovoltage measurement on said first
and second oxidized wafers respectively; and
through a comparison of said first and second measured photovoltages,
measuring a level of contamination introduced into said second wafer by said oxidation

10 furnace.

40. The method described in claim 39 wherein said contamination level is at least

10" contaminant species per cm®.

15
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