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MNocTossHHOe cTpemsieHue Mpou3BOAUTENIeN KPEMHUEBOW MMUKPO3/IEKTPOHMKU K  YMEHbLUEHUIO
NPOEKTHbIX HOPM CTa/IKUBAeTCsl C HOBbIMU TPYAHOCTAMU Npu GOpMUPOBAHUN HAHOPA3MEPHbIX MOHHO-
JNlernpoBaHHbIX obnacteld MeTogamMyM MOHHOM MMMIAHTauuu. HauMHas c onpepgesieHHbIX pasmMepos,
co3jaHMe TakKux ob6sacTel MPOUCXOAUT B YCIOBUSIX CWIbHbIX 3JIEKTPUYECKUMX M MeXaHU4ecKux
noJien, CBSI3aHHbIX C NPUCYTCTBMEM MacKupylolLero cnosi. B pa6ote BbINo/IHEHbI YMUC/IEHHbIE OLL@HKU
pasmMepHbIX paKTOPOB OKHA MMIJIAHTALLUU, MPU KOTOPbIX AeCTBME CUJIOBbIX MNOJIEN AB/ISETCS 3HAUUMbIM
M TpebyeT y4yeTa MPU KOHCTPYKTUBHO-TEXHOJIOTMYECKOM MPOEKTUPOBAHUM NMPUGOPOB KPeMHUEBOM
MUKPO3/1IEKTPOHUKM.

The continuous technology node scaling of Si microelectronics prompts to face with new
difficulties in the formation of nanoscale ion-implanted regions. Starting from a certain size
the formation of such regions goes under strong electrical and mechanical fields associated
with the presence of a masking layer. In this paper, we perform numerical evaluations of size
factors wherein the action of force fields is significant and require corrections in the design of

Si microelectronics devices.

OHHas MMIIJIAHTALMS KaK TeXHOJIOIH4eCKUH
IpreM JeTMPOBAHMUSI [TOJYIIPOBOJHHKOB C yCIIe-
XOM HCIIOJIb3YeTCsl B TEXHOJIIOTMU MUKPO3/IeKTPO-
HHUKHU C 1970-X TOI0B 1,0 HACTOSIIEero BpeMeHH. HecMoTpst
Ha TO, YTO 3a 3TO BpeMs OI1y6/1HMKOBaHO OTPOMHOE KOJIH-
4ecTBO paboT, MOCBAIIEHHBIX AedekTo06pa3oBaHUIO
U IlepepacIipesie/ieHHI0 IPHMeCHbBIX aTOMOB, UCC/IeI0-
BaHHe QU3UKH IIPOLIECCOB, COIPOBOXKIAIOIINX HOHHOEe
obydeHHe, 0CTaeTCsl aKTYa/IBHBIM U CerofHs. B mep-
BYIO O4Yepe/ib 9T0 00yC/IOBIEHO TeM, YTO COBpeMeHHBIe
TeHJeHLU NN MUHHATIOPU3AL UK IPUOOPOB 31eKTPO-
HUKU OIpefeNnsiioT HeobXoquMOoCTb GOPMUPOBAHUS
B I10JIyIIPOBOJHUKAX JIeFHPOBAaHHBIX 0671acTel c pa3me-
PaMH B HAHOMETPOBOM JHaIa3oHe [1].
C mpubnuskeHHeM IIPOEKTHBIX HOPM K KBAHTOBO-
pa3MepHOMY PesKUMY aKTHBHBIe 06/1aCTH CTAHOBSITCS

He [IPOCTO MeHbllle, $U3HKa IIPOLeCcCOB UX POPMUPO-
BaHHUS HOCUT IIPUHLMIIHAJIBFHO HHOM XapaKTep [2].
B wacTHOCTH, 6/1HM30CTh IOBEPXHOCTH U IPAHMUIL Pa3-
Jena a3 HauMHaeT OKa3bIBaTh CyIleCTBEHHOE BIIH -
HHe U OTKPbIBaeT HOBble BO3MOXHOCTH /151 HHXKe-
HepuH AedekTos [3]. IIpy JOCTUKeHUU OIlpelle/leH-
HBIX Pa3MepoB IPollecC UMIIJIAHTALMU IIPOUCXO-
OUT B YCJIIOBUSAX CUJBHBIX 3/IeKTPUUECKUX U MeXa-
HUYeCKHX I0JIeH, MOPOKAeHHbIX MAaCKHUPYIOIIHUM
cjl0eM, KOTOpble KMeIOT y>Ke He KpaeBOk XapaKTep,
a UX IeHCTBHe PAacIpOCTPaHseTCs Ha BCIO 0671acTh
dopMHUPOBaHUS MajblX HOHHOJIETHPOBAHHBIX 06/1a-
CTeH. DTO 03HAuaeT, UTO B TAKUX 06/1aCTAX SIBIeHHUS
pPaAralMOHHON QU3UKH, 3TeKTPUYecKast aKTHUBALIU S
U Ilepepacrpe/iefieHHe IPUMeCH IIPOUCXOSAT B IIPUH-
LIUIIHAIbHO UHBIX YCJIOBUSIX.
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HccnenoBaHue PU3HMUeCKUX ocobeHHOCTeH
bopMHUpOBAaHUS MOHHO-IETHPOBAHHBIX 0bacTelt
C KpUTUYECKH Ma/JIBIMH IJIaHAPHBIMU pa3MepaMu
II03BOJIUT He TOJIbKO IIPeJCKa3aTh TeXHOIOTUYeCcKHe
TPYAHOCTH Ha MYTU OCTOSIHHOIO CTPeMJ/IeHU sl COB-
pPeMeHHOH MHKPO3IeKTPOHHKH K MUHHATIOpH3a-
LIMH, HO TaK>Ke HaMTH IIYyTHU UX [IPeoJoIeH s, MeXa-
HH3MBI yIIPaBJIeHUS reoOMeTpUeHr U CBOMCTBAMHU
HaHOMETPOBBIX JIeTHPOBAHHBIX YUaCTKOB.

OEHOMEHO/I0rMS PA3SMEPHDIX 2OOEKTOB

YMeHbIlIeHHe TOIIOOTUYeCKUX HOPM JUCKPeTHBIX
npubopoB U MHTErpaabHBIX MUKPOCXeM KpPeMHHU-
€BOM MHKPO3JIeKTPOHUKHU HeH36eXXHO COIMpOBO-
KIAeTCs CHU>KeHHeM IT1yOUHEL 3a/IeTaHUSI HOHHO-
JeTHPOBAHHBIX 06/1aCTeN M UX IJIAHAPHBIX Pa3Me-
POB. YMeHbIIeHHe TONIIUH c0eB byneT criocobcT-
BOBAaTb KaueCTBEHHOMY H3MeHeHHUI0 GOoHA HepaB-
HOBECHBIX PaJiHallUOHHBIX JePpeKToB, B KOTOPOM
npoTeKkaloT Npolecchl GOpMHUPOBAHUS HOHHO-
JTerupoBaHHBIX ob6macTeil. OMHUM K3 Ba>kKHeH-
KX $aKTOPOB, BEI3BIBAIONIUX TaKHe 0COOEHHOCTH,
SIBJISIeTCS yCUJIeHHe TPafiueHTOB 3/1eKTPUUYeCKUX
M, OTYACTH, MEeXaHHUUYeCKHUX I10JIel, CBSI3AHHBIX

E-nons | E-fields

Puc.1. Cxemamuyeckoe u306pax>keHue 3an0AHeHUSs 3NeKmpo-
cmamuyeckumMu NOASIMU UOHHO-Ae2UpOBAHHbIX 0baacmel
no mepe Ux Maclwmabuposanus

Fig.1. Schematic representation of filling of ion-doped regions
with electrostatic fields as they scale

C IIPUCYTCTBHEM MACKHPYIOILEro cJIosd, Yepes KOTo-
PBII BefleTcst UMIIIAHTaL M. JaHHble 3¢ deKTHI IIpo-
SIBJISIIOTCS Y>Ke B ITpoliecce 06/1ydeHU s IPUMeCHBIMU

on implantation as a technique

for doping semiconductors has

been successfully used in micro-
electronics technology since the
1970s until now. Despite the fact
that during this time a huge
amount of papers has been pub-
lished on defect formation and
redistribution of impurity atoms,
the study of the physics of processes
accompanying ion irradiation
remains relevant today. This is pri-
marily caused by the fact that cur-
rent trends in the miniaturization
of electronics devices determine the
need to form doped regions in semi-
conductors with dimensions in the
nanometer range [1].

With the approach of the design
rules to the quantum-size regime,
the active regions become not just
smaller, the physics of the pro-
cesses of their formation has a fun-
damentally different character
(2]. In particular, the proximity of

the surface and phase boundaries
begins to have a significant impact
and opens up new possibilities
for the engineering of defects [3].
When a certain size is reached, the
implantation process takes place
under conditions of strong electri-
cal and mechanical fields gener-
ated by the masking layer, which
are no longer regional in nature,
but their action extends to the
entire area of formation of small
ion-doped regions. This means that
the phenomenon of radiation phys-
ics, electrical activation and the
redistribution of impurities occur
in fundamentally different condi-
tions in such areas.

The study of the physical fea-
tures of the formation of ion-doped
regions with critically small pla-
nar dimensions will allow not only
to predict technological difficulties
in the way of the constant striv-
ing of modern microelectronics for

miniaturization, but also to find
ways to overcome them, mecha-
nisms for controlling the geometry
and properties of nanometer-doped
areas.

PHENOMENOLOGY OF PARTICLE SIZE
The decrease in the design rules
of discrete devices and integrated
circuits of silicon microelectron-
ics is inevitably accompanied by
a decrease in the depth of the ion-
doped regions and their planar
dimensions. Reducing the thick-
ness of the layers will contribute to
a qualitative change in the back-
ground of non-equilibrium radia-
tion defects, in which the forma-
tion of ion-doped regions takes
place. One of the most important
factors causing such features is the
enhancement of electric and, in
part, mechanical field gradients
associated with the presence of a
masking layer through which the
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PacnbineHHble | Sputtered

Puc.2. Cxemamuydeckoe u3obpa>xeHue MexaHu3ma KoHma-
MUHauuu Gopmupyemoll UOHHO-UMNAGHmMupyemol obaacmu
amomMamu mMackupyou,ezo cAos

Fig.2. Schematic representation of mechanism of contamination of
formed ion-doped region by atoms of masking layer

aToMaMHM ¥ MOTYT IIPUBOJUTH K IPaKTUYECKH 3HA~
YU MOM KOPPeKILMH I'PaHUILl HOHHO-UMIIJIAHTHUPO-
BAaHHOM 06/1aCTH 3a CYeT KUHETHKH IIPUMECHBIX
aToMOB. HecMOTps Ha TO YTO TeMIlepaTypa UMILJIaH-
TallMY He CylleCTBeHHa 1 JUPPY3UH IPUMECH,
Hanu4yue TUOPY3HMOHHBIX U APelPOBBIX IOTOKOB
HepaBHOBECHBIX AedeKTOB, HHTeHCUBHO IeHepu-
PYeMBIX BO BpeMsl UMIIJIAHTAIl U, 6yJeT IPUBOLUTh
K HaIlpaBJIeHHOMY JBHKEHHUIO IIPUMECHBIX ATOMOB

IOCPeACTBOM 3pPeKTOB BAKAHCHUOHHOIO U MeXK/0-
y3eJbHOro BeTpa [4].

H3BeCTHO, YTO TOYeUHBIE JePeKThI 3JIeKTPHUYECKHU
aKTHUBHEI U 30PeKTHBHO B3aMMOJEHCTBYIOT C 3aps-
SKeHHBIMH I'PAaHULAMH pa3fiesia i MacKHUPYIOIHUMH
cnosiMu [5]. MoHHas MMIIJIaHTalLus B Si uepes c/ion
OU3IeKTPUYECKOro MOKPHITHUSA BCerga cosgaer
B JU3JIeKTPHKe H0JIFOBPeMeHHBIHN 3/IeKTPOCTaTH-
yeCKHH 3apaf. He obcyknast IpUpoOy ero IosiBiie-
HH S, OTMETHUM JIKIIb, YTO 3PPEeKTHBHOCTD 3aPAIKHU
AH3eKTPHUKA BbICOKA M, K IPUMePY, A1 Cly4as
Macku SiO, coctaBnser 0,1qd, roe q - ameMeHTap-
HBIU 3/IeKTPUYeCcKHUH 3apsh, a ® - 1o3a HMIIJIAHTa-
uuu [6]. OTOT 3apsn OyaeT MOPOKAATh 3/1eKTpUUe-
CKHe IOJISI U IPUBOJUTL K HaIlPaBIeHHOMY Apelndy
3apS>KeHHBIX paAHaLHOHHBIX HedpeKToB. [Ipu HoH-
HOM MMIIJIAHTALlMH B JOCTAaTOYHO IIMPOKHeE OKHA
MaCKHPYIOLIEro CJ10s1 PaCIpoCTpaHeHHe IeKTpruye-
CKUX IoJIel B oOpMUpYyeMYyI0 06/1aCTh HOCUT Kpae-
BOI1 XapaKkTep. C yMeHbIlIeHHeM pa3Mepa OKHa I10J1s
HaYHMHAKT CyIEeCTBeHHO IIePeKPhIBAThCA, U Op-
MHPOBaHHE HOHHO-UMIIJITAHTHPOBAHHOM 067acTH
[IPOMCXOAUT B NPHUHIUIIHAIbHO UHBIX YCIOBUAX
(puc.l).

[TomobHast KapTHHA HabniofaeTcs He TONbKO /s
3JIeKTPOCTaTHYeCKHUX, HO U MeXaHHYeCKHX II0JIeH.
[Tpouecc BEIpAIIMBAHU S U OCAXKAEHHU I TOHKHUX IIjIe-
HOK Ha Si-II0JIJIOKKe MPaKTHYeCKH BCerja CoIpo-
BOXJlaeTCd BO3HHUKHOBeHHeM Ha HHTepderice BHY-
TPeHHUX MeXxaHHUYeCKHUX HaIlpSKeHUH. BCKpbITHe
OKHa B MaCKHPYIOIIeM CJioe BhI30BeT X BCIIJIECK
Ha IpaHMIax o6peiBa MacKu. [1o Mepe yMeHbIIEHU

implantation is carried out. These
effects are manifested already in
the process of irradiation by impu-
rity atoms and can lead to practi-
cally significant correction of the
boundaries of the ion-implanted
region due to the kinetics of impu-
rity atoms. Although the implanta-
tion temperature is not essential for
impurity diffusion, the presence of
diffusion and drift flows of non-
equilibrium defects intensively
generated during implantation will
lead to the directional movement of
impurity atoms through the effects
of vacancy and interstitial wind [4].

It is known that point defects are
electrically active and effectively

interact with charged interfaces
and masking layers [5]. Ion implan-
tation into Si through a dielectric
coating layer always creates a long-
term electrostatic charge in the
dielectric. Without discussing the
nature of its appearance, we only
note that the charging efficiency of
the dielectric is high and, for exam-
ple, for the case of the SiO, mask is
0.1 gF, where q is the elementary
electric charge and F is the implan-
tation dose [6]. This charge will
generate electric fields and lead to
directional drift of charged radia-
tion defects. In case of ion implan-
tation into sufficiently wide win-
dows of the masking layer, the
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propagation of electric fields in the
region being formed is of an edge
character. With a decrease in the
size of the window, the fields begin
to substantially overlap, and the
formation of the ion-doped region
occurs in fundamentally different
conditions (Fig.1).

This is typical not only for elec-
trostatic, but also for mechanical
fields. The process of growing and
deposition of thin films on a Si sub-
strate is almost always accompa-
nied by the appearance of internal
mechanical stresses at the inter-
face. Opening the window in the
masking layer will cause them to
splash on the edges of the mask
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IIMPHUHBL OKHA 06J1aCTH PacIpoCTpaHeHHUS 3THUX
HaNpsKeHU N TaKKe HAYHYT 3aII0THSTh BeCh 06eM
dopMupyemoit 061acTH, IPUBOIS K Aperdy panua-
LIMOHHBIX BAKAaHCUH B CKaTyI0 061acTh Si, a cobeT-
BEeHHBIX ME)KILOY3EJ'[I>HLIX 4TOMOB — B PaCTHHyTyIO.

Kpome TOro, MOHHAas MMIIJIAHTALIUS BCeraa
COIIPOBOXKIAETCSI pPacCHblieHHeM IMOBEPXHOCTHU
Macku. C yMeHbIIeHHUEeM SHePTUH UMIIJIAaHTALUH,
YTO CONYTCTBYeT MAacIITaOMPOBAHUIO AaKTUBHBIX
obnactei, 3¢ HeKTUBHOCTb 3TOTrO0 Iporecca bygeT
TOJIBKO YCHUJIMBATbhCSI, ITIOCKOIBKY II€PBUUHBIE HOHBI
Bce B Gosbplel CTemeHH OyAyT TepsiTh 3HEPTHUIO
3a CUeT yIIpyTUX II0Tepb Ha [IOBEPXHOCTHBIX aTOMAX
MumeHH. CymeCTBEHHBIM CTAHOBUTCS U PacTBOpe-
HHe aTOMOB OTAAYH B 30He GOPMUPOBAHHUS aKTHB-
HOM 06/1aCTH, YTO IPUBOJUT K 3aTPSI3HEHUSIM, KOO~
phle B psifie c/ly4daeB MOTYT CIIOCOGCTBOBATH Aerpa-
OALUU MTeKTPoPU3UYeCKUX ITapaMeTPoB 061acTu
(puc.2).

Jlo Tex mop, IIOKa BCe pacCMOTpPeHHbIe 3P deKTH
SIBJISIIOTCSI KPAe€BBIMHM, OHH He OKa3bIBAIOT CYLIeCT-
BeHHOI'0 BIUSHHUS Ha IPOLIeCCH GOPMHUPOBAHUS
HOHHO-JIETUPOBAHHBIX 061acTell. OQHAKO TeH/IeH-
LU K CHUKEHHUIO pa3MepHBIX paKkTopoB, Habmo-
HaeMasi B MUKPO3JIeKTPOHUKe, 6ojiee He IOIyCKaeT
UX UTHOPUPOBAHUS U TpebyeT KOTHUYECTBEHHBIX
OLIeHOK pa3MepHOTro II0pPora 3TOro mepexoza.

KOMMUYECTBEHHDIE OLLEHKK
®akTOp 3N1eKTPUYECKUX nonen
OCHOBBIBasSICh Ha JUTepPaTypPHBEIX AaHHBEIX [6]
O BeJIMYHNHEe BCTPOEHHOTO 3JIEKTPOCTATHUYI€E€CKOTO

3apsia, BO3HUKAIEro B cinoe SiO, IpU UMIINIAH-
TallMH B HETO MOHOB, METOAAMHU KOMIIBIOTEPHOTO
monmenupoBaHud B cpege TCAD Sentaurus momny-
4eHBbl pacyeTsl 2D pacrpeze/ieHUs 371eKTPHUYECKUX
nosner B Si B 06/1acTH OKHa, BCKPBITOIO B MackKe.
MogenupoBacs nNpolecc HOHHON UMIJIaHTallUHU
As* c sHepruei 20 k3B u no3o1 10° cm™ B TOIIO0JIO-
TUYeCKYy0 CTPYKTYPYy SiO,-Si ¢ TONIIMHON MacKH
60 HM B gHallas’oHe pasMepa OKOH 22-180 HM.
MaKkcHUMaJIbHBIE 3HAaYeHH s 3JIeKTPOCTAaTHYeCKHUX
mnoJyied HabaOmAaNKCh HEIIOCPEeACTBEHHO B ob6ia-
CTH LleJleHAIllpaB/JIeHHOrO BBeJeHH s IPUMECHBIX
aTOMOB, AOCTUras 3HayeHUH okoso 103-10% B/cm
(puc.3). I[IpuyeM C yMeHbIIeHHEM MIKUPUHB OKHA
oT 180 HM 10 22 HM B pa3JIM4YHBIX TOUYKaX GopMU-
pyeMoit o6sacTH HAPSIKeHHOCTb IMOJSI U3MeH -
etcs B 17 pa3, uTo Hen3beskHO BeeT K U3MeHeHH IO
[IpOTeKaHU A Pa3THUYHBIX PaJAHallMOHHBIX IIpoLiec-
COB M B KOHEYHOM HTOre - mpodus pacmpepene-
HUS IPUMECH.

B ciiydae MasbIX 03 UMIIJIAHTALlMKM KOHLIEHTpa-
LM 3apsIKeHHBIX PaJUALMOHHBIX AePpeKTOB oIpe-
JensieTcs UCXOAHBIM IOJI0KeHHeM YypoBHS PepMmu
B Si. [10/1b3ySCh II0JIOKEHUSIMHU TEOPHUH CTATUCTUKH
HOCHTeJled 3apsja B TBEpPAOM Tejle, 1eTKO oIlpefe-
JUTb, YTO MAaKCHMaJbHBIH yPOBEHb 3aPSIXKEHHBIX
OedeKToB, a CIeloBaTe/NbHO, U AperdoBble IOTOKHU
OynyT HabmoOmaThCS B KpeMHUH CeYIOIIHX CIIeIH-
dukanui: KOB-0.002 (mpeobnamanue V+), KAB-0.05
(mpeobnazanue V) u K39-0.01 (mpeobnaganue Vo).

[nybrHa KOppeKLMK I'PaHUL, HOHHO-UMIIJITAHTHPO-
BaHHOM 00/1aCTH BC/IEICTBUE AEHCTBHUS 3IEKTPUYECKUX

breakage. As the window width
decreases, the propagation regions
of these stresses will also begin to
fill the entire volume of the formed
region leading to a drift of radia-
tion vacancies into the compressed
Siregion, and of its own interstitial
atoms - into the stretched one.

In addition, ion implantation
is always accompanied by spray-
ing the surface of the mask. With
a decrease in the implantation
energy that accompanies the scal-
ing of the active regions, the effi-
ciency of this process will only
increase, since the primary ions
will increasingly lose energy due to
elastic losses on the surface atoms

of the target. The dissolution of
recoil atoms in the zone of forma-
tion of the active region becomes
significant, which leads to contam-
ination, which in some cases may
contribute to the degradation of the
electrical-physical parameters of
the region (Fig. 2).

As long as all the considered
effects are marginal, they do not
significantly affect the formation
of ion-doped regions. However,
the tendency to decrease in design
rules observed in microelectronics
no longer allows them to be ignored
and requires quantitative esti-
mates of the size threshold of this
transition.

QUANTITATIVE ESTIMATES

Electric field factor

Based on the data of [6] on the mag-
nitude of the electrostatic charge
arising in the SiO, layer when ions
are implanted into it, computer
simulation in the TCAD Sentaurus
are used to calculate the 2D distri-
bution of electric fields in Si in the
region of a window opened in a
mask. The process of ion implanta-
tion of As* with an energy of 20 keV
and a dose 0f 10'° cm into the topo-
logical structure of SiO,-Si with
a mask thickness of 60 nm in the
window size range of 22-180 nm
was simulated. The maximum val-
ues of the electrostatic fields were
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Puc.3. PacnpedeaeHue zopuzoHmaneHoli (a) u sepmukansbHoli (b) cocmasasiowux 3nekmpocmamudeckux noaeli 8 Si 8 06aacmu
BCKPbIMO020 OKHA MACKU HA 2Ay6UHE cpedHez20 npoeuupo8aHHo20 Npobeza LOHO8
Fig.3. Distribution of horizontal (a) and vertical (b) components of electrostatic fields in Si in region of opened mask window at a depth

of average projected path of ions

II0JIeHl MacKH MOXKeT OBITh OlleHeHa HeIlloCpeACTBeHHO
Ha TpaHMIle 00J1aCTH K3 OTHOLIEHHU S APeHHOBOro IOTOKA
JedekToB K 1UdPPy3noHHOMY. TI0JIOKKMM, UTO KpUTe-
pHeM 3HaYKMMOro BKJIaia AperidpoBOro oToka B KOPpeK-

LIMIO IPaHUL 0671acTH 6yeT SIBISAThCS NOCTHKEHHe UM
10% ot BemMYMHEBI 1MbOY3HOHHOIO IIOTOKA:

observed directly in the region of
the targeted implantation of impu-
rity atoms, reaching values of about
103-10* V/cm (Fig.3). Moreover, with
a decrease in the window width
from 180 nm to 22 nm the field
strength changes 17 times in vari-
ous points in the formed region,
which inevitably leads to a change
in the flow of various radiation
processes and, ultimately, in the
impurity distribution profile.

In the case of small implantation
doses, the concentration of charged
radiation defects is determined by
the initial position of the Fermi
level in Si. Using the provisions of
the theory of statistics of charge

carriersin a solid, it is easy to deter-
mine that the maximum level of
charged defects and hence the drift
flows will be observed in silicon
with the following specifications:
KDB-0.002 (V* predominance),
KDB-0.05 (V** predominance) and
KEF-0.01 (V= predominance).

The depth of correction of the
boundaries of the ion-implanted
region due to the action of the elec-
tric fields of the mask can be esti-
mated directly at the boundary
of the region from the ratio of the
drift flow of defects to the diffu-
sion one. We assume that the cri-
terion of a significant contribution
of the drift flow to the correction of
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the region’s boundaries will be its
achievement of 10% of the diffusion
flow:

=10%, D

where pt and D are the mobility and
diffusion coefficient of defects; n
is the concentration of defects at a
localized point of the region; E is
the electric field strength.
Assuming that the distribu-
tion of radiation defects n(x) is
described by the Gauss law with
a maximum in the region of
1.2R,, the relation (1) will be sat-
isfied at an electric field strength
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BaHHOM TOYKe O6J'I8.CTI/I; E - HAIIPpSA>KEHHOCTD 3/I€K~
TPHUYECKOro I10JI4.

Jloryckas, 4To pacmpeje/neHHe pagHlaluOHHbBIX
OedeKToB N(X) OIIUCBIBAETCS 3aKOHOM [aycca ¢ MakK-
CUMyMOM B ob1acTu 1,2R,,, oTHOLIEHHE (1) 6ymert
BBIIIOJIHSATHCS IIPU HAIIPSKeHHOCTH 3JIeKTpHUUe-
ckoro mosig ~10 kB/cm. B cOOTBeTCTBH € pUC.3 KOP-
peKius rnybuHE 3aMeraHus 06J1acTH 3a CYeT Aek-
CTBHUS 3JIEKTPHUYECKOIO IO/ NOCTUTAeTCA IIPH
pa3smepe oKHa 45 HM M YyCH/IMBAETCS II0 Mepe ero
yMeHbIIeHHd. JlaTepa/lbHOEe Pa3sMBbITHE HMOHHO-
MMIIIAHTHPOBAaHHOM 0b61acTu, Hao60poT, cymecT-
BEHHO IpY 60/IBIION MIMPUHE OKHA U IIPOSIBJISIETCS
BILJIOTH [10 3HAUYeHU S 65 HM.

dakTop MeXxaHU4ecKux nonei

TeopeTHYeCKUI aHANIKU3 PacClIpeseleHUs] TAHIeH-
LIMAJIbHBIX U HOPMaJ/IbHBIX COCTAB/ISIONUX YIIPYTUX
I10JIel Ha KPalo BCKPHITOIO0 OKHA B MAaCKe BBIIIOTHEH
B paborte [7]. Pe3ynbTaTsl pacyeToB [IOKA3a/aH, YTO
HOPMaJIbHbIe COCTABISIOMIKE 10/l UMeIT CBOM-
CTBO pa3/e/siThCs I10 3HAKy HAIIPSI)KeHUM Ha rpa-
HUIle Kpasi MacKM, NPUBOAS K OPMHUPOBAHHUIO
pa3HOHAIIpaBIeHHBIX APeNPOBBIX [IOTOKOB pagHa-
LIMOHHBIX BaKaHCUH (V) u Mmexxpoy3nui (I) (puc.4).
Ecnu paccMaTpuBaTh yBjledeHHe IPUMeCceH II0TO-
KaMH TOYeYHBIX JedeKToB, To nudys3usa nmpume-
CHBIX ATOMOB YCKOPSIeTCS B HallpaBJeHUHU MOTOKa |
(MeXX0y3e/MbHBIX ATOMOB) U IMPOTHB IIOTOKa V
(BaKkaHCHM). DTO 03HAYAET, UTO HE3aBUCHUMO OT THIIA
U MeXaHH3Ma AUGPY3UU HPHUMeECH XapaKTep

Macka
Mask

w

Puc.4. PacnpedeneHue HOpmMaAbHOU cocmasAstoulell MexaHu-
ueckux noaell 8 06aacmu Kpas 06pblea macku

Fig.4. Distribution of normal component of mechanical fields in
region of edge of mask break

pacmpeneneHUsI MeXxaHUUYeCKHUX I10JIeH B 06/1acTH
Kpasi MacKkHu Bcerga 6yzmeT crocobcTBoBaTh 60KOBOMY
IUGPY3HOHHOMY Pa3sMBITHIO IIPOHIIS IPHUMECHBIX
aTOMOB.

ITo aHAJIOTHH C 3JIEKTPOCTAaTUYECKHUMHU IIONSIMH
B KayeCTBe KPUTEPHUs 3HAUUMOM KOppeKIHHU oba-
CTH 6bII0 IPUHSTO NOCTUKEHHeE APeliPOBBIM II0TO-
KOM 10% OoT BeIMUUHBL TUOPY3HOHHOIO:

contribute to the side diffusion

of ~10 kV/cm. In accordance with
Fig.3, correction of the depth of
the region due to the action of the
electric field is achieved at a win-
dow size of 45 nm and increases as
it decreases. Lateral blurring of the
ion-implanted region, on the con-
trary, is significant with a large
width of the window and appears
up to a value of 65 nm.

Mechanical field factor

A theoretical analysis of the distri-
bution of the tangential and nor-
mal components of the elastic fields
at the edge of the opened win-
dow in the mask was performed in
[7]. The results of the calculations

showed that the normal compo-
nents of the fields tend to be sep-
arated by the sign of the stresses
at the edge of the mask leading to
the formation of multidirectional
drift flows of radiation vacancies
(V) and internodes (1) (Fig.4). If we
consider the entrainment of impu-
rities by fluxes of point defects,
the diffusion of impurity atoms
is accelerated in the direction of
the flow I (interstitial atoms) and
against the flow V (vacancies). This
means that regardless of the type
and mechanism of impurity dif-
fusion, the nature of the distribu-
tion of mechanical fields in the
region of the mask edge will always

blurring of the profile of impurity
atoms.

By analogy with electrostatic
fields, the criterion of a significant
correction of the area was taken to
achieve a drift flow of 10% of the
diffusion one:

Jﬂ=7”§ ©wVo=10%, ()
]HHCb Dfir1
dx

where n and D are the concentra-
tion and diffusion coefficient of a
specific type of defects; w is the sili-
con atom volume; f is a correlation
factor taking into account the pos-
sibility of a defect to make a reverse
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HAHOTEXHONOrMun

Juw - BB 95 10%
Jwe  pfdd , )
dx

rge n, D - KoHIeHTpauusa U Ko3poUunueHT gudoy-
3UHU KOHKPeTHOro TUIla fedeKToB; ® —~ 06seM aToMa
KpeMHHUS; f - GaKTOp KOpPpeIsSILIUY, YUUTH BAIOLUI U
BO3MOSKHOCTB fledeKkTa COBEepIIUTh 0OpPaTHBIH CKa-
4ok (st Sif=0,781); Ao - rpagrieHT MeXaHUYeCKUX
HaIpsKeHUH.

Ilosaranoch, 4TO MacCKa MCIBITBIBAET HAIlPA-
KeHUs ckaTtusg 300 MIla, a ee ToJAIUHA COCTAB-
nsieT 60 HM. AHAJIM3UPOBAIach 06/1aCTh IIOJJIOKKHU
B Pa3JIMYHBIX IIJIOCKOCTSX Ha InybuHax 0-50 HM,
CYMTAsI, YTO B 3THUX IPaHHUIAX OygeT IPOHU3BO-
OUThCS BHeApeHHe QyHKIIMOHAIbHOM IPUMeCH.

Pacuer mokasaJs, 4To obimacTe pacmpocTpaHe-
HUS TPaflUeHTOB YIPyTHUX IOJed B JlaTepalb-
HOM HaIlpaBJIeHUHU SIBJISIeTCS BeCbMa MPOTSAKEH-
HOM U COCTaBJageT OT 2 OO0 3,5 MKM B 3aBHUCHMO-
CTH OT I'TyOHMHBI pacCMaTpUBaeMOM IIJIOCKOCTH.
JlpyrUMU CJIOBAaMHU, KpaeBble YIPyTHe Ions 6yayT
IIOJITHOCTBIO 3aII0JIHATh HOHHO-UMIIJIAHTUPOBAH-
HYyI0 06/1acTh IPU MMIIJIAHTALHUU JaXke B OKHA
HMKUPHUHOM 4-7 MKM. MaKCUMyM IrpafleHTa HaIPs-
>KeHHUH IIPHU 9TOM JO0CTHUTaeTCsl HelIOCPeACTBEHHO
BO/IM3H KPast MACKH, U OTHOUICHHE yox/] g B 3TOH
obmactu npesbimaet 1000%. BeposiTHO, TaKas Kap-
TuHa 6ygeT HabIIOAATHCS 4O TeX MOP, IMOKA CTOK
TOYeYHHIX AedeKTOB He MpHUBeeT K pelaKCcalluu
HCTOYHHUKOB HANPSI>KeHUHN B CUIY HU3BECTHOIO
3¢deKTa MabIX [103.

(DaKTOP pacnbiieHUs U KOHTAMWUHAL MU aTOMOB MaCKu
CTeneHb BAUSHHS KOHTAaMHUHAIIUK Si pacIblieH-
HBIMH aTOMaMH MacKH ITPOBOJIUJICSI HA YaCTHOM IIPH-
Mepe MMIIJIAHTALlMM MOHOB AS* B TOIIOJIOTMYecKoe
OKHO CTPYKTYphI SiO,—Si c sHepruei 15 k3B u goson
10%6 cm2,

OLleHKa MaKCHMaJIbHOM [103bl KOHTAMHHALUU
MoyKeT OBITh BBIIIOJIHEHA B C/IeYIOIIMX JOMYIeHHUSIX.
Marnoe 3HaYeHHe pa3Mepa OKHa MaCKH I103BOJISeT
CUYHTATh 06/1aKO PaCIBIIeHHBIX HaJl GOpMHUPyeMOH
aKTHUBHOM 06/1aCThIO aTOMOB OJJHOPOJHBIM I10 COCTaBY
C PaBHOI KOHLIeHTPALlKel B 06/1acTH HaJ, MacKOH.
ByzmeM Tak>Ke I10/IaraTh, YTO BCe PacIlbIEHHBIE HAT,
OKHOM aTOMBI HCIIBITBIBAIOT YIIPyTOe B3aUMOMIEHCT-
BHe C IIePBUYHBIM HOHHBIM IYUYKOM, IIpHUBOJAIIee
K UX BHeZIPEHHUIO B 06beM KPHUCTA/IITHYECKOM pelIeTKH
Si.

KospduLiMeHT KaTOJHOIO pacHblIEeHHUS B COOT-
BeTCTBHU C SMIIHPHUYECKON POPMY/IOH, MOTyUeHHON
B paboTe (8] 1151 HOpMaAJIBHOTO ITaJleHHU S [Ty4YKa HOHOB,
cocraBigeT npuMepHo 0,8. 3TO 03HAYaeT, YTO Cpef-
Hsis r1y6uHa obnacTu pacoeuieHUs SiO, JoCTHUTaeT
0,5HM, a INIOTHOCTb PaCIblIEHHBIX HaJl OKHOM 1 BHe-
IOpPeHHBIX B KPUCTAJII aTOMOB - 1,14-105cm2.

CrnenyeT 3aMeTUTh, UTO KO3PPUIIMEHT pacIbljie-
HUS UMeeT CHJIbHYIO 3aBUCHMOCTb OT yIja Iafe-
HHUSI HOHOB U 6yJeT KMeTh MaKCHMaJIbHOe 3HaUeHHe
Ha eCTeCTBeHHO 3aKPYIJIeHHBIX KpasiX MacKH, 4TO
elle HeCKOJIbKO IOBBICUT PAaCCUMTAHHOe 3HAUYeHHe.
Ho maske 6e3 ydeTa 3TOro yC/I0BHSI, OL[eHKA CBEPXY
OJ1s1 003l KOHTAMHHAIMH COCTaBIseT mopsigka 10%
OT [103Bl KMIIJIAHTALIUH.

jump (for Si f = 0.781); Ao is the gra-
dient of mechanical stresses.

It was believed that the mask is
experiencing compressive stress
of 300 MPa, and its thickness is
60 nm. The area of the substrate
was analyzed in various planes at
depths of 0-50 nm, considering
that the implantation of a func-
tional impurity will be carried out
within these boundaries.

The calculation showed that the
area of propagation of the gradients
of elastic fields in the lateral direc-
tion is very long and ranges from 2
to 3.5 pm depending on the depth
of the plane under consideration.
In other words, the edge elastic

fields will completely fill the ion-
implanted area upon implantation
even into windows of 4-7 pm wide.
In this case, the maximum of the
stress gradient is reached directly
near the edge of the mask, and the
ratio jech/jair in this area exceeds
1000%. Such a pattern will prob-
ably be observed until the drain of
point defects leads to a relaxation
of stress sources due to the well-
known effect of low doses.

Sputtering factor and contamination
of mask atoms

The degree of influence of Si contam-
ination by sputtered atoms of the
mask was carried out on a particular
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example of the implantation of As*
ions into a topological window of a
SiO,-Si structure with an energy of
15 keV and a dose of 10'® cm 2.

An estimate of the maximum
dose of contamination can be made
under the following assumptions.
The small value of the mask win-
dow size makes it possible to con-
sider a cloud of atoms over the active
region homogeneous in composition
with an equal concentration in the
region above the mask. We will also
assume that all atoms sprayed above
the window experience elastic inter-
action with the primary ion beam
leading to their introduction into
the volume of the Si crystal lattice.
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JIOBONIBHO CJIOKHO IpefiCKa3aTh, /I KAKKUX pas-
MepOB OKOH IIPaBOMEPHBI MOZeJIbHbIe NOIYyIIeHU I,
HO Ba>KHO TO, UYTO POJib KOHTAMHUHALMHU aTOMOB
MacCKH CTAHOBHUTCS Ba>XHBIM paKTOpPOM HpHU dop-
MHPOBAHHUHU JIOKATBHBIX Cy6MI/IKpOHHbIX HOHHO-
HUMIIJIAHTUPOBAHHBIX 06/acTel WU BHICTyIaeT
JIOIIOJIHUTEe/JIbHBIM OTPaHHYeHHEeM, HajlaTaeMbIM
Ha BbI6Op MaTepHaa MaCKHPYIOIIEro CIos.

3AK/NIOYEHUE

B pabore paccmoTpeHBI 30 PeKTH YIPaBIeHHUS
MOHHO-MMIIJIAHTUPOBAHHEIM IIpodHIeM IpHUMe-
CHBIX aTOMOB II1PU GOPMUPOBAHUHU JTOKAIbHEIX Cy6-
MHUKPOHHBIX aKTHBHBIX 06s1acTell B Si oA fekcT-
BHEM 3JIeKTPHYeCKHX U MeXaHHYeCKHUX I0JIeH,
CBSI3aHHBIX C INPUCYTCTBHEM MAaCKHPYyIOIIero
Cnos. BeIloHeHHl OLleHKHM KPUTHYECKHUX pa3Me-
POB TaKuX 06/1acTel, IPU KOTOPBIX AeHCTBHE CUJIO-
BBIX I10JIeH SIB/ISIeTCS 3HAaUKMMBIM U TpebyeT yueTa
IIPH KOHCTPYKTHBHO-TeXHOJIOIHYeCKOM IIpOeK-
THPOBAHUU NPUOOPOB KPeMHHUEBOM MUKPO3JIEK-
TPoHUKH. KpoMe Toro, ob6cyskgaeTcss poib KOHTa-
MHUHAIMU PACIBIJIEHHBIX aTOMOB MacKH B 06beMe
HOHHO-JIETUPOBAHHBIX 06J1aCTeH, YTO CTAHOBUTCS
cepbe3HBIM (AKTOPOM 3arpsi3HEHHUS MOMAJIOXKH
o Mepe MacIITabUPOBaHHUS TMHENHBIX Pa3MepOB
obmacremn.
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The coefficient of cathode sputter-
ing in accordance with the empiri-
cal formula obtained in [8] for the
normal incidence of an ion beam is
approximately 0.8. This means that
the average depth of the SiO, sput-
tering region reaches 0.5 nm, and
the density of the atoms sprayed
above the window and introduced
into the crystalis 1.14 - 10> cm™.

It should be noted that the sput-
tering coefficient has a strong
dependence on the angle of inci-
dence of the ions and will have
a maximum value at the natu-
rally rounded edges of the mask,
which will increase the calculated
value somewhat. But even without

taking into account this condition,
the upper estimate for the dose of
contamination is about 10% of the
implantation dose.

It is difficult to predict for which
window sizes model assumptions
are valid, but it is important that
the role of contamination of mask’s
atoms becomes an important factor
in the formation of local submicron
ion-implanted areas and acts as an
additional constraint on the choice
of material for the masking layer.

CONCLUSION

In this paper, the effects of con-
trolling the ion-implanted pro-
file of impurity atoms during

the formation of local submi-
cron active regions in Si under the
action of electric and mechanical
fields associated with the presence
of a masking layer are considered.
Estimates of the critical dimen-
sions of such areas in which the
action of the force fields is signif-
icant and require consideration in
the process design of silicon micro-
electronics devices are made. In
addition, the role of contamina-
tion of sputtered mask’s atoms in
the volume of ion-doped regions is
discussed, which becomes a seri-
ous factor in the contamination of
the substrate as the linear dimen-
sions of the regions scale. [

Vor.11 No. 6 (85) 2018 NANO INDUSTRY



