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PaccmaTpuBasi TeXHOJIOTMYECKUMA MpOLLeCcC MNPOU3BOACTBA KPEMHMEBbIX HAHOCTPYKTYp, BaXKHO
YUnUTbIBATb UX MEPexof B COCTOSHUE pPasMepHOro KBAHTOBaHMUS, COMPOBOXAAEMbIV U3MEHEHUEM MX
MeXaHU4YeCKMX U CTPYKTYPHbIX CBOMCTB. OCO6eHHOCTU, CBSI3aHHbIE C MPUHLUMNUAJIBHBIM U3MEHEHEM
CBOWMCTB MaTepuana, 6buiM paccmMoTpeHbl Hamu B pabote [1l. DTu 3dpdekTbl TakkKe HeobxoaMMo
y4nTbIBaTh NpU pa3paboTKe CUCTEMbI KOHTPOJISl TEXHOJIOMMYECKOro fnpouecca NpousBoacTsa Npu6opos
M CUcCTeM, copepxXalmMx HaHopa3MepHble CTPYKTypbl. B pgaHHoi pa6oTe paccmMaTpuBalOTCs HOBble
Tpe60BaHM1S K KOHTPOJIIO TEXHOJIOMMYeCKUX NPoL,EeccoB, B TOM YMC/e NpeabsBisieMbie K 060pyao0BaHuIo,
C NOMOLLbIO KOTOPOr0 OCYLLECTB/ISIETCS 3TOT KOHTPO/Ib.

Considering the process for the production of silicon nanostructures, it is important to take
into account their transition to the state of dimensional quantization accompanied by a
change in their mechanical and structural properties. Features related to the fundamental
change in the properties of the material were considered by us in [1]. These effects also
need to be taken into account when developing a process control system for the production
of devices and systems containing nanoscale structures. In this paper, we consider new
requirements for the process control, including those for the equipment with use of which
this control is carried out.

OHSITHe "TeXHOJIOTUYeCKHUN KOHTPOJIb 06Bbe-
OUHSET [Be COCTABISIONHe: OPraHHU3aI[HI0
KOHTPOJIBHOI'O IIPOllecca M HelocpeJCTBEHHO
H3MepUTeIbHBIe METOAUKM, BKIOYAas GUHAIB-
Hble ONepallUH KOHTPOJS IIapaMeTpPOB H3Je-
nusi. C OpraHU3aLUOHHON TOYKHU 3peHHUs Ipo-
LlecC KOHTPOJIS AOJI)KEH OTBe4YaTh CAeAYOIIHM
TpebOBaHUIM:
* TOYHOCTb U BOCIIPOM3BOLKMMOCTH I0OJIy4aeMOTO
pe3ynbTarTa;
* OIEepPaTHBHOCTS IIOJyYeHHUS pe3y/IbIaTa;
* BBICOKAsSI IPOU3BOJIUTEIBHOCTE;
* BBICOKAsI CTEIIeHb aBTOMATH3aLIHU;
+ 6e30macHOCTh MPHMEHEHHS MEeTOIUKH U 060pyIo-
BaHMSI, Ha KOTOPOM OHa peaM30BaHa;
* BBICOKAS CTeIleHb JOCTOBEPHOCTH II0yYaeMOTIo
pe3ysbTaTa.

9Tu TpeboOBaHMUS HAKJIALBIBAIOT OTPAaHUYEHU S
KaK Ha IpUMeHseMble B IIpollecce OIepaTUBHOTO
TeXHOJIOTUYEeCKOro KOHTPOJISI MeTOOUKH, TaK U Ha
obopynoBaHHe, Ha KOTOPOM OHHU PeaTH30BaHBHI.
B mIpou3BOACTBe HaHOpPa3MePHBbIX U3LeNHUN s
yIOOBJIETBOPEHUS JAHHBIX Tpeb0OBaHUM Heobxogum
ydeT cyIefyoIuX 06CTOsITeNbCTB:

* M3MeHeHHUS MeXaHHYeCKHUX CBOHCTB 00BHEKTOB
M CTPYKTYp IPH HPOBeJeHHUH KOHTPOJIbHBIX OIle-
PaLlUi, a TaK>Ke BIUSHUS IOBEPXHOCTEN U IPaHHIL
pas3zenoB, K3MeHeHU s CTPYKTYPHBIX CBOKCTB, KOTO-
phle paccMaTpHUBAIUCh B cTaThe [1];

e IOBTOPHBIM KOHTPOJIb IIapaMeTpPOB 06beKkTOB
U CTPYKTYp HOPHU HPOBeJEeHHH MOCIeAYIOUHUX
orepaLui;

e BIHAHHE TUOPY3HMOHHBIX IIPOLIECCOB, PA3MBITHE
TpaHHUI] pa3fesia MaTepHaJioB;
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+ BJIMSHHe IPUTPAHUYHBIX 061acTell HaHOpa3Mep-
HOro 06beKTa;

¢ CHHKeHHUe CTeIleHU BO3ZeHCTBHUS Ha obpasel] Ipu
IIpOBe/IeHUH KOHTPOJIBHBIX MEPOIIPUSTHI;

* IIOBBIIIEHMe KOMIIIEKCHOCTH II0Iy4aeMOro pe3yJib-
TaTa, B CMbIC/Ie YBeTUYeHHU S YHC/Ia OJHOBPeMEeHHO
OIpeensieMbIX IIapaMeTPOB.

Heo6X0AMMOCTB yueTa TAKOT0 HIIMPOKOT0 KPyTra
$aKTOpOB IPH IMOCTPOEHUU ONEpallUH TeXHO-
JTOTUYeCKOro KOHTPOJS BBIHYXAaeT pa3paba-
THIBATh HOBBlE METOLUKH KOHTPOJS, TaK Kak
TPALUIHOHHO IPUMeHsIeMble MEeTOLUKH, JasKe
xopomuo pa3paboTaHHBbIe, I€PeCTAIT YHAOBIETBO-
PATH IpenbsBIsseMBbIM Tpe6OBaHUIM, KOTOphIE
MEHSIOTCS 110 Mepe Pa3sBUTHUS TeXHOIOTHH.

KOHTPO/1b MPOLLECCOB MOJIYYEHNA TOHKUX NNEHOK
B KadecTBe MepPBOro IIpHMepa PacCCMOTPUM METO-
OUKY 3JUIMIICOMETPHH [2], KIacCu4yecKHu pHMeHse-
MYIO IJISl TEXHOJIOTMUeCKOT0 KOHTPOJISI TONIUH TOH-
KHX IIJIEHOK. 9Ta MeTOAHKa 06/1a/laeT psIOM BasKHBIX

Ka4yeCcTB, Cpear KOTOPBIX: BBICOKAS TOYHOCTDH U BOC~
IIPOU3BOSUMOCTD pe3yjibTaTa, BbICOKAs IPOU3BOLHU-
TeJBbHOCTH, MaJjasl CTeleHb BO3LeHNCTBUS Ha obpa-
3er. OQHaKO, 10 Mepe Pa3sBUTHS TeXHOJIOTHH [
HEeKOTOPBIX IIPOLLECCOB Jake 3JIJIMIICOMEeTPHUS Iepe-
CTaeT yAOBIeTBOPSITh TPe6OBAHUSIM K KOHTPOJIbHBIM
oImepalHsIM.

PaccMOTpHUM MOpolecC KOHTPOJIA IIOA3aTBOP-
HOTO AHu3JIeKTpuKa MOII-TpaH3MCTOpa U IIPOUC-
XoAsAIiHe C pa3sBUTHEM TeXHOJIOTHHU IIPOH3BOACTBA
CBHC n3meHeHUsd. UcTopHYeCKHU B KayeCTBe I10[-
3aTBOPHOro gu3ieKTpuka B KMOII-TexHOJIOTHUH
HMCIIO/Jb30BAJICS OKCHUJI KpeMHU. [Io Mepe pa3Bu-
THS TeXHOJOTHUHU JJis obecliedeHH s YMEeHbIIeHHU S
IOJIMHBI KaHala 3aTBopa MoTpeboBaoch YyMeHb-
IMHUTh U TOJNIIHHY CJIOS OU3JIeKTpUKa. Korga ero
TpebyeMas ToMmHHA NIPUOIKU3UIACE K 3HAUEHHUIO
1 HM, pocT mapa3suTHBIX 30 $eKTOB 3aCTaBUII I1epe-
XOAUTH HAa HOBble MaTepHuajbl. Cpegu 3TUX 3ddex-
TOB MOXXHO BBILEJIUTH, BO-IIePBEIX, obegHeHHe
3aTBOpa, TYHHETHPOBAaHHe HOCUTeNleH B 3aTBOD,

he concept of technological

control combines two com-

ponents: the organization of
the control process and directly
measurement techniques,
including the final operations
of monitoring the parameters of
the product. From an organiza-
tional point of view, the control
process must meet the following
requirements:

« accuracy and reproducibility of
the result;

 efficiency of obtaining the
result;

* high performance;

+ high degree of automation;

« safety of application of the
methodology and equipment on
which it is implemented;

« high degree of reliability of the
result obtained.

These requirements impose
limitations on both the tech-
niques used in the operational
process control and the equip-
ment on which they are imple-
mented. In the production of
nanoscale products to meet these

requirements, it is necessary to

take into account the following

circumstances:

« changes in the mechanical
properties of objects and struc-
tures during control operations,
as well as the effect of sur-
faces and interphase boundary,
changes in the structural prop-
erties that were considered in
the paper [1];

« repeated control of the param-
eters of objects and structures
during subsequent operations;

« influence of diffusion processes,
blurring of material interfaces;

« impact of boundary regions of a
nanoscale object;

« reduction of the degree of
impact on the sample during
the control measures;

« increasing the complexity of the
result obtained, in the sense
of increasing the number of
simultaneously determined
parameters.

The need to take into account
such a wide range of factors in
the construction of technological

control operations forces us to
develop new control methods,
since the conventional methods,
even those that are well devel-
oped, cease to meet the require-
ments, which change as technol-
ogy develops.

CONTROL OF THIN FILM PROCESSES
As a first example, let us con-
sider the ellipsometry technique
(2], classically used for techno-
logical control of thin film thick-
nesses. This technique has a num-
ber of important qualities, includ-
ing: high accuracy and reproduc-
ibility of the result, high perfor-
mance, low impact on the sam-
ple. However, with the develop-
ment of technology, for some pro-
cesses even ellipsometry ceases to
meet the requirements for control
operations.

Let's consider the process of
the gate dielectric control of the
MOSFET and the changes that
occur with the development of
VLSI production technology.
Historically, silicon oxide was
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YTO IIPUBOJMT K POCTY TOKA YTe4KH, H, BO-BTOPBHIX,
Inddy3Huo Nerupywier NpuMecHu (TaKoM Kak
6op [3]) u3 3aTBOpa B KaHAJ, YTO TAKKe IPHUBOJUT
K Jerpafalyiy CBOMCTB II0/ly4aeMbIX MUKPOCXeM.
ITIosToMy, HauKWHasl C TEXHOJIOTUYECKOI0 yPOBHS
90 HM, B IOJA3aTBOPHBIM AU3IeKTPUK HadalH
B HebosbIIKX KoMH4YecTBax (0Koso 10% Macc.) BBO-
OUTh a30T. DTO I0O3BO/SET KaK IIPefOTBPAaTUTh
nuddysuro 6opa [3], Tak U IOBBICUTE KO3 PUIIMEHT
AHU3MeKTPHYECKOM IMPOHHUIAeMOCTH IJIEHKH.
Ha mocienyromux ypoBHIX KMOII-TexHOIOrUHU
HayaJjCs Iepexof Ha TaK Ha3sBaeMmble high-K-
MaTepHaJsibl, TAKHe KaK CUJIKMKAT U OKCUJ rapHUs.
TakuM 06pa3om, KOHTPOJb IIPOLIECCOB IOIyUe-
HHUS [I0J3aTBOPHOIO JHU3IeKTPHUKA H0JIKeH BKIO-
4aTh He TOJIbKO H3MepeHHe TONIIUH 3THUX IIJIeHOK,
HO TaK>Ke U oIllpejie/leHHe UX COCTaBa, Yero MOXKHO
JOCTUUb C IPUMeHeHHeM KOMIIJIEKCHOTO [0 X044,
NpelIojaralouero ofHOBpeMeHHBIH KOHTPOIb
TOJNIIIKMHEL U II0OKa3aTes peoM/IeHHUs [I71eHOK.

C MOMOIIBIO KIACCHYeCKHUX JIa3ePHBIX 3JIJIUIICO-
MEeTPOB C BpalmaloOIMMCS IOJASIPU3aTOPOM, aHa-
JIU3aTOPOM HJIH KOMIIEHCATOPOM, TPaAUILMOHHO
NpHUMeHsIeMbIX /151 TEXHOJOIUUYeCKOT0 KOHTPOJIS
TOHKHUX IIJIEHOK C CYy6aHICTPeMHOI BOCIIPOH3BO-
OHUMOCTBIO [4], BO3MOKHO JIMIIb K3MepeHHe ONTH-
YeCKOH TOJIIIKMHEI IIJIEHOK, TO eCTh IPOH3BeleHHU S
TOJIIMHBI Ha [I0OKa3aTe/Ib [IpeJIOMJIeHHU . ITa IIPo-
671eMa TpaJHUIIMOHHO pellagach C IIOMOIIBIO ITepe-
X0Jla K CIIeKTPaJbHOMN UM yITOBOM 3/IIHIICOME-
Tpuu [5, 6], mo3Bossiomel GUKCHPOBATh 3HAUEHHU S
3JIIUIICOMeTPHUYeCKUX BeJIMUYUH /s JHAIla30Ha

CIeKTpa WJIH YIJIOB IaJleHUsI COOTBETCTBEHHO,
Y TakUM 06pa3oM MO3BOJISIIOIEH OJHOBPEMEHHO
ompeniensiTh 60jlee OAHOTO HE3aBUCHMOTO ITapaMe-
TPa, TO eCTh U TOJNIIHHY [IJIEHKH, U ee OIITUYeCKHe
CBOMCTBA.

OnHaKo, /s TaKHX IPOLECCOB KaK GOpMHU-
poBaHUe IOA3aTBOPHOTO AU3IeKTPHUKA, B KOTO-
PBIX NOMYCTHUMBIM TeXHOJOIMYeCKUH pa3bpoc
TOJIMHBL CJIOS He JOJI’KeH IpeBBIaTh 1-2 aHTI-
CTpeMa, MeTOJ CIeKTPaJbHOM 3IIHUICOMETPUU
(C3) [7] npu ofHOBPEeMeHHOM KOHTPOJIe TOJIIIHHBI
Y OIITUYeCKUX CBOMCTB obsla/laeT HeJJOCTATOUHOM
TOYHOCTBIO. ITO CBSI3aHO C TeM, UTO pPerucTpa-
LKs 3HaYeHUI 3/JIMIICOMeTPUYECKUX BeIHYUH
Jaske JIJI HIMPOKOTO y4acTKa CIeKTpa He M03BO-
JseT IOJHOCTBIO M36aBUTHCS OT B3aMMHBIX KOP-
pensiuM IapaMeTpPOB IIPH HAXOX/IeHUH Pe3ysb-
TaTa YHCJIeHHBIMHU MeTOLAMH U, CJIe0BATeNbHO,
He I103BOJISIeT YCTPAHUTDb HEOJAHO3HAUYHOCTD IO~
HOCTbIO, TaK KaK 3HAaUeHHU S 3IJIUIICOMEeTPHUUECKUX
YTJIOB [JI5l Pa3HBIX YU4aCTKOB CIIeKTpa He SIBISIOTCS
MIOJIHOCThIO He3aBUCHMBIMU BeJIMYHHAMHU.

YcTpaHUTH 0A06HbBIe HEOZHO3HAYHOCTH I103BO-
NseT Iepexof Ha KOMIIIEKCHbIe MeTOMIbl H3Mepe-
HUS, Te HeCKOJIBKO OTJe/IbHBIX MeTOL UK B3aHMHO
IOOIIONHSIOT APYT APYTa AJIsSL HAXOXKAEHUS 10CTO-
BEPHOTO pe3yJyibTaTa. TaKOM KOHTPOJBHBIM MpPO-
Iecc I/ MoA3aTBOpHBIX High-K-mu3m1ekTpuKoB
Ha 6a3e KOMOMHALIMKU HECKOTBKUX ONTHUYECKHUX
METOAUK B eIUHBIN LIUKJI 06paboTKU TaHHBIX pac-
cMmaTtpuBaetcs B pabore [8]. B paborax [9, 10] 0bcy-
>KIaeTcs npobsemMa TOUHOTO 3KCIIePUMEHTAIbHOIO

but also the determination of

used as the gate dielectric in
CMOS technology. As the tech-
nology developed, to reduce the
length of the shutter channel, it
was also necessary to reduce the
thickness of the dielectric layer.
When its required thickness
approached 1 nm, the growth of
parasitic effects made it neces-
sary to switch to new materials.
Among these effects, one can dis-
tinguish, firstly, the depletion of
the gate, the tunneling of carri-
ers into the shutter, which leads
to an increase in the leakage cur-
rent, and, secondly, the diffu-
sion of the dopant (such as boron
(3]) from the gate to the channel,
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which also leads to degradation
of properties of the IC. Therefore,
starting from the 90 nm techno-
logical level, nitrogen was intro-
duced into the gate insulator
in small amounts (about 10% by
weight). This allows both to pre-
vent diffusion of boron [3] and to
increase the dielectric constant
of the film. At subsequent levels
of CMOS technology, the transi-
tion to so-called high-k materials
began, such as hafnium silicate
and hafnium oxide. Thus, the
control of the processes of obtain-
ing a gate dielectric must include
not only the measurement of
the thicknesses of these films,

their composition, which can be
achieved with the use of an inte-
grated approach involving simul-
taneous control of the thickness
and refractive index of the films.

With the help of classical laser
ellipsometers with a rotating
polarizer, analyzer or compensa-
tor, traditionally used for control
of thin films with sub-angstrom
reproducibility [4], it is only pos-
sible to measure the optical thick-
ness of films, that is, the prod-
uct of the thickness by the refrac-
tive index. This problem has tra-
ditionally been solved with the
help of a transition to spectral or
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ompefe/eHHUs ONTHUYECKHUX CBOMCTB TOHKHUX IIJIe-
HOK B IIMPOKOM AHaIlia3oHe crekrpa (190-800 HM)
NPy NPUMEHEHHMH TaKHX METONUK KaK 3JIJIHII-
COMEeTPHUS, CIHeKTPOPOTOMETPHUS U CKATTEepoOMe-
TpUS K 06beKTaM COBPeMEHHON TEeXHOJOIHH.
TpaguIIMOHHO AJis 3TOTO0 MCIOAb3yeTcd meTon C3
(11, 12], omHaKoO C yMeHbIIeHHEeM abCoNIOTHOrO 3Ha-
YeHH S TOJIIIHHBL KOHTPOJIHPYeMBIX CJIO€B 10 3Ha-
YeHUH MeHee 10 HM Heo6X0OQMMO IPHMeHeHUe
IIepeKpecTHOTr0 KOHTPOJIA, TaK KaK TOYHOCTh C
OKa3plBaeTCsl HeJocTaTouHoM [9]. HalieHHoe 3Ha-
YyeHHe 3aTeM HCIIO/b3yeTCs B 3JIIUIICOMETPHUHU
IJ1d oIlpefe/leHH s OITHYeCKHUX CBOKMCTB IIJIeHKH.
B KaudecTBe TaKOro IlepeKpecTHOIO MeToJa
KOHTPOJSI aBTOpaMHU pabort [8, 9], BEIIOJITHEHHBIX
He3aBUCHUMBIMH KOJJIEKTHBAMHU aBTOPOB, MpeJ-
JaraeTcs peHTreHoBcKas pediektomerpus (PP)
(13, 14], KoTOpasd KMeeT OTIMYHYI YyBCTBUTE/Ib-
HOCTb K TOHKHMM IIJIEHKaM, SBJSeTCs Hepas3py-
IIaomlel 1M, YTO OUeHb Ba’KHO, He TpebyeT Ka/lu-
OpOBKH Ha BHEIIHMe CTAHIAPTHI.

Takol B3aMMOJOMNOJHSIKIIUN HNPHHLHUI
IIOCTPOEHUS M3MEPUTEJbHBIX METOLUK MOXET
TaK>XKe IPUMEHSATHCS IPU KOHTPOJe MHOTOKOM-
[IOHEeHTHBIX IIJIEHOK U IIJIeHOK CJI0KHOTO COCTaBa.
Hampumep, pacCMOTPHUM KOHTPOJb IIpoliecca
[0JIyYeHHU S IIJIEHOK GTOPCOLepsKallero CUAMKaT-
HOTO CTeKkJa. B 3ToM ciyvyae, I8 KOHTPOJIS TOJI-
IIMHBI C YAOBJIETBOPUTEIbHON TOYHOCTBIO 065-
3aTe/IbHO OJHOBpPeMeHHOe H3MepeHHe IIoKasa-
Tessl IpeJOMJ/IeHH s, TaK KaK ONTHYeCKHe CBOMU-
CTBa JaHHOM IVIEHKH, OIlpefiesisieMble ee COCTaBOM

(a UMeHHO, comepskaHueM PTOpa), MOI'yT HU3Me-
HSTbCS IPHU MOCAeN0BaTeIbHBIX peaan3alusx
mpoiecca HaHeceHHUS. [l OMHOBPeMeHHOTIO
omnpefesieHUs TONIIKMHEL U ONTHYeCKUX CBOMCTB
3TUX IIJIEHOK IIpUMeHs1ack MeTtoauka C3 [5].
llobaBIeHHe B 3Ty CXeMy KOHTPOJSI IPOBEPKHU
CcoCTaBa MJIeHKH MEeTOLOM PeHTTeHOBCKOM ¢iyo-
pecLileHTHON cmekTpockonuu (POC) mo3BONIUIIO
BBISIBUTb 3aKOHOMEPHOCTb, INPeACTaBIEeHHYIO
Ha puc.l. TakuM 06pa3oM, 0Ka3aa0Ch BO3MOKHBIM
HCII0/Nb30BaTh MeTOAHKY C3 I/14 olepaTHBHOU
OLIeHKH COCTaBa AAHHBIX IIJIEHOK I10 H3MeHeHHIO
KX OIITUYEeCKUX XapPaKTePUCTHK.

[IpeAcTaBlieHHAsI 3aBUCHMOCTb TaKKe JaeT
BO3MOKHOCTb yBeJIHUYUTb TOUHOCTh ONpejese-
HHUS TOJNIIHMHBI NOJOOHBIX MJIeHOK. B 3ToM ciy-
4Jae ¢ noMmompio POC onpegensgercs KOHLLEHTPa-
uus GTopa B IIJIEHKe, KOTOpas 3aTeM IepeCcYUTHI-
BaeTCs B [I0Ka3aTesb IIpeJIOM/IeHUS, UCIIOIb3ye-
MBIH B C3 B KauecTBe QUKCHPOBAHHOIO 3HAUEHHUS.
9TO0 [103BO/ISeT UCKIIOUNTD BAUSIHUe IIpUcyei CJ
KOppeNsLHU "ONTHYeCKHe CBOMCTBA — TOMIHMHA"
U yBeJIMYUTh TOUHOCTb ONpese/leHUs TONILHHEL
B 2-3 pasa.

KOHTPOJIb IATEPAJIbHbIX PA3SMEPOB,
O®OPMWUPYEMbIX 9/IEMEHTOB

CrnefyoI MM IPUMePOM MOXeT SIBIAATHCS IPO-
LlecC KOHTPOJIA JlaTepPaJIbHEIX Pa3MepoB 3jeMeH-
TOB, II0Jy4YaeMBIX C IIOMOILIbI0 QOTONUTOrpadUHU
Y TpaB/leHUus. TpPaJULIMOHHO [JISl 3TOTO IIPUMeH -
7ach pacTpoBas 37eKTPOHHAsA MUKpocKonus (POM).

angular ellipsometry [5, 6], which
allows to register ellipsometric
values for the spectral range or
angles of incidence, respectively,
and thus allows simultaneously
to determine more than one inde-
pendent parameter, that is, the
film thickness, and its optical
properties.

However, for such processes as
the formation of a gate insulator
in which the allowable techno-
logical spread of the layer thick-
ness should not exceed 1-2 ang-
stroms, the method of spec-
tral ellipsometry (SE) [7] with
simultaneous control of thick-
ness and optical properties is

insufficiently accurate. This is
due to the fact that recording
the values of ellipsometric quan-
tities even for a wide spectral
region does not completely elim-
inate mutual correlations of the
parameters when finding the
result by numerical methods,
and, therefore, does not allow to
eliminate ambiguity completely,
since the values of ellipsomet-
ric angles for different parts of
the spectrum are not completely
independent quantities.

The use of complex measure-
ment methods, where several
separate techniques comple-
ment each other in order to find

a reliable result, allows such
ambiguities to be eliminated.
Such a control process for high-k
gate dielectrics based on a com-
bination of several optical tech-
niques in a single data process-
ing cycle is considered in [8]. The
problem of the exact experimen-
tal determination of the opti-
cal properties of thin films over
a wide range of the spectrum
(190-800 nm) using such tech-
niques as ellipsometry, spectro-
photometry and scatterometry to
objects of modern technology is
discussed in [9, 10]. Traditionally,
the SE method [11, 12] is used for
this purpose, however, when the
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Puc.1. 3asucumocmb nokazameAass npeAoMAeHus nAeHKu
dmopcodepskailezo cuAUKAmMHo20 cmekad (045 A=633 HM) u3-
MepeHH020 MemodoM CNeKmpanbHOL 3AAUNCOMEMPUU OM KOH-
ueHmpauuu ¢mopa 6 3mom 06pasue, usmepeHHol memodom
peHmzeH-GAayopecueHmHol cnekmpockonuu

Fig.1. Dependence of refractive index of fluorine-containing sili-
cate glass film (for A = 633 nm) measured by spectral ellipsome-
try on concentration of fluorine in sample measured by X-ray flu-
orescence spectroscopy

ITo Mepe pa3BUTUS TeXHOJOTUH GOTONUTOrpadUHU
O/ yBelWYeHU s pa3pellalomler cCllocO6HOCTH IIpo-
1eccoB GOPMHUPOBAHUS CTPYKTyp OB mpou3Be-
JleH Iepexof, Ha 3KCIIOHHMPOBaHHUe Ha JI/IMHe BOTHBI
193 HM ¢ ucmonp30BaHUEM 3KCHUMEPHBIX 1a3epoB
(ATF). 3T0 moBJeKJIO 32 c060i1 pa3paboTKy HOBBIX
doTopesncToB, 061asalOM X COOTBETCTBYOIMKUMU

310634, DWP46000LU, SK15ZHU, MID RADIUS, PC NEST. N. LAI

152,4Hm |

4 —
I

Puc.2. PoM-u306paxkeHue 3amsopos 8 KMOTI-mexHono2uu
90 HM, noAy4eHHOoe cpa3y nocae onepayuu mpasaeHusi noAu-
KpemHus. OmmeyeH pasmep Cmpykmypbl, N0AyYeHHbIl npu u3-
MepeHUU no 8epxHemy U N0 HUXKHeMY 0CHO8AHUSIM. Y204 Ha-
KAOHA cmeHKu — 89,25°. MacwmabHas AuHelika — 200 HM
Fig.2. SEM image of gates in 90 nm CMOS technology obtained
immediately after etching of polysilicon. Size of structure
obtained by measuring at upper and lower bases is marked.
Angle of inclination of wall is 89.25°. Scale ruler - 200 nm

CBOMCTBaMH (TaK Ha3blBaeMBbIX 'XUMHUUYECKHU-yCH-
neHHBIX poTope3ucToB”). OQHAKO, IPU HU3Mepe-
HHUHU pa3MepoB GOTOPe3UCTUBHBIX TMHUU U 3230~
POB MeXAy TaKUMH JHHHUIMHU MeTogaMu POM
Habnomaercsa 3bdekT "cropaHus” Martepuana,
KOTOPBIM 3aKJIIOUaeTCs B yMeHbIIeHUHU Habniona-
eMOT0 pa3Mepa JHHHU UK YBeJIHYEHHUH 3a30pa

absolute value of the thickness
of the controlled layers decreases
less than 10 nm, the use of cross-
checking is necessary, since the
accuracy of the SE is insufficient
[9]. The value found is then used
in ellipsometry to determine the
optical properties of the film.
X-ray reflectometry (XRR) [13,
14], which has excellent sensitiv-
ity to thin films, is non-destruc-
tive and does not require calibra-
tion to external standards, is pro-
posed as such a cross-checking
method by independent teams of
the authors of [8, 9].

Such a complementary prin-
ciple for the construction of
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measuring techniques can also
be used in the control of multi-
component films and films of
complex composition. For exam-
ple, one can consider the con-
trol of the obtaining films of flu-
orine-containing silicate glass.
In this case, simultaneous mea-
surement of the refractive index
is necessary to control the thick-
ness with satisfactory accuracy,
since the optical properties of
this film, determined by its com-
position (namely, by the fluorine
content), can change with succes-
sive implementation of the depo-
sition. For simultaneous deter-
mination of the thickness and

optical properties of these films,
the SE technique was used [5].
The addition of X-ray fluorescence
spectroscopy (XRFS) to this con-
trol scheme allows to reveal the
dependence presented in Fig.l.
Thus, it was possible to use the
SE technique for the rapid evalu-
ation of the composition of these
films by changing their optical
characteristics.

The presented dependence also
makes it possible to increase the
accuracy of determining the
thickness of such films. In this
case, the XRFS determines the
concentration of fluorine in the
film, which is then recalculated
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LLINpOKONONOCHbLIA MCTOYHMK 6enoro ceeTa
Broadband white light source

Monapusatop
Polarizer

O6paszeL, C NepnoamnyYeckon CTpyKTypon
Sample with periodic structure

Mpusma -
Prism doTonnHemka
Photodetector

AHanunsaTtop
AHanusatop

Puc.3. MpuHUUNUaAbHas onmuyeckas cxemd, ucnoAb3yemas 0As CKammepomempu4eckux usmepeHud

Fig.3. Principal optical scheme for scatterometry

B pe3yjbTaTe 30HAMPOBaHHUA obpasua. CornacHo
MOZe/IbHBIM IpPeICTaBIeHUAM, BeITUYHUHA YMEHb"
meHUsI GOTOPE3UCTUBHON JTHHHUU NPOIOPIHO-
HaJIbHA /03e 00y4YeHUs pe3nCTa 3JeKTPOHAMHU.
Jist 193-HM pe3sucTOB IIPU OJHOKPATHOM CKaHUPO-
BaHHH Cl)OTOpe3I/ICTI/IBHOﬁ JIJHHHUHW C HOMHHAJIBHBIM
pasmepom okojo 100 HM 3TO yMeHbBIIeHMEe JOCTH"
raet 3-10 HM [15] 3a omHO U3MepeHUe. Ha sdpdekT
BIIMAIOT yBeJIHYeHHUEe U yCKOpsAMIlee HaIlpsKe-
HUe, HO OH HabilomaeTcs maske IIPU TaKUX HU3-
KHX 3HAa4eHHU X YCKOPSIOMHX HaNPSKeHUH KakK
300 B [16]. JanpHelIlee CHUXXeHHUE YCKOPSIOIEIro
HAIpsi>keHU s B POM BeJleT K pe3KoM Jerpagaliluu
KOHTpacTa usobpaxkenus [15]. Takum obpasom,

HeIIoCPeICTBeHHO caMa M3MepHUTe/lbHasd MeTOOUKA
BHOCHUT OIIKMOKY B pe3y/IbTaT U3MepeHUs.

O KMOII-texHosoruu 120 HM acriekKTHOe COOT-
HOLIeHHe TOJIIMHBL U JJAKWHB 3aTBOpPa TPaH3M-
CTOpa mepeuarHyso oporoBoe sHauYeHHUe, COCTaB-
nsmomee efTUHUIY. /IS 3TOr0 TeXHOJOTUYeCKOT 0
YPOBHS He00X0IMMasl BOCIIPOU3BOJHUMOCTH H3Mepe-
HHUS KPUTHUUYEeCKHUX Pa3MepoB cocTaBisieT 1,8 HMm [16].
B cTpyKkType 3aTBOpa, UMEIOIIEro aCIeKTHOe COOT-
HomeHHe 1:1, OTKJIIOHeHHE yIJIa HaKJIOHA CTeHKH
Ha 1° mpuBeleT K U3MeHeHUI0 HabnogaeMoro pas-
Mepa, U3MepeHHOro I10 BepXy M HH3y 3aTBOpa,
bonee ueM Ha 10% OT JOMNYCTHUMOTO OTKIOHEHUS
npoiecca (puc.2). TakuMm obpa3om, HeobxoAKMO He

into the refractive index used
in the SE as a fixed value. This
allows to exclude the influence of
the correlation of "optical proper-
ties - thickness", and to increase
the accuracy of determining the
thickness by 2-3 times.

CONTROL OF LATERAL SIZES

OF FORMED ELEMENTS

The next example may be the con-
trol of the lateral dimensions of
the elements obtained by pho-
tolithography and etching.
Traditionally, for this purpose,
scanning electron microscopy
(SEM) was used. With the devel-
opment of photolithography, the

transition to exposure at 193 nm
using excimer lasers (ArF) was
performed to increase the resolu-
tion of the structure formation
processes. This entailed the devel-
opment of new photoresists with
the corresponding properties (the
so-called "chemically-enhanced
photoresists"). However, when
measuring the dimensions of
photoresist lines or gaps between
such lines by SEM methods, the
effect of "burning" is observed,
which consists in decreasing
the observed line size or increas-
ing the gap as a result of probing
the sample. According to model-
ling, the reduction in the size of

photoresist line is proportional to
the dose of irradiation of the resist
by electrons. For 193 nm resistors,
with a single scan of a photoresist
line with a nominal size of about
100 nm, this decrease reaches
3-10 nm [15] in one measurement.
The effect is affected by the mag-
nification and accelerating volt-
age, butitis observed even at such
low values of accelerating volt-
ages as 300 V [16]. Further reduc-
tion of the accelerating voltage
in the SEM leads to a sharp deg-
radation of the image contrast
[15]. Thus, the measuring method
itself makes an error in the mea-
surement result.

#5/76 /2017 NANO INDUSTRY
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C60p AaHHBLIX MopennposaHue
Data capture Modeling
MnactunHa M3mepeHune Pekypcusa Mogpens 3HaHud 06
Wafer Measurement Recursion Model o6pasLe v npouecce
1T TT > s < < Knowledge about
fesias D N~ ERENEER sample and process
SO T NN =

Mpodub CTPYKTYpbI
Structure profile

Puc.4. bAok-cxema 80CCMAHOBAEHUS NPOCMPAHCMBEHH020 NPOGUASI CMPYyKMypbl No Memody onmuyeckoli ckammepomempuu
Fig.4. Block-scheme for reconstructing spatial profile of structure by optical scatterometry

TOJIBKO U3MePATbh KPUTHUUECKHI pa3sMep MOoIydeH-
HOTO0 3aTBOpa ¢ TpebyeMoil BOCIIPOU3BOAKMOCTEIO,
HO 4 TOYHO 3HaTh, HAa KaKOM BBICOTE IIPOMUCXOJUT
H3MepeHHe. [Iy1s1 3Toro TpebyeTcst METOIHKA, II03BO-
Ng0Las NIPOU3BOAUThL U3MepeHHe II0JIHOIO IIPo-
dung mojmydaemMon TpexXMepHOH CTPYKTYPHI 3Jie-
MeHTOB, BKJII0Uas OIlpefe/leHHe HX JlaTepPaJbHBIX
pasMepoB, TOJLIUH U yIJa HaK/JIOHA CTEHOK. JTOro
MOXKHO JOCTHYb C [IepeXoJoM Ha AUPPaKLHOHHEIE

ONTHYeCKHEe METOLUKH H3MepeHHUs KpUTHYe-
CKHUX Pa3MepoB, TaKHe KaK CKaTTepomeTpus [17]
(puc.3u 4).

B MHUPOBOI IMpaKTHKe COBPEMEHHOH MHUKPO-
371eKTPOHUKH ONTHYECKasi CKATTePOMETPHUS
HCII0JIB3yeTCs B KaueCTBe CTAHAAPTHOIO MeToAa
KOHTPOJISI HmpoieccoB GOPMHUPOBAHUS Tpex-
MepHBIX CTPYKTyp. B WacTHOCTH, CKaTTepoMe-
TPUS aKTHUBHO NPUMEHSIETCS A KOHTPOIS

For 120 nm CMOS technol-
ogy, the aspect ratio of the thick-
ness and length of the gate of the
transistor exceeded the thresh-
old value, which was equal to
one. For this technological level,
the required reproducibility of
measurement of critical dimen-
sions is 1.8 nm [16]. In the struc-
ture of the gate having an aspect
ratio of 1:1, the deviation of the
angle of the wall by 1° will lead
to a change in the observed size,
measured from the top and bot-
tom of the shutter, by more than
10% of the permissible deviation
of the process (Fig.2). Thus, it is
necessary not only to measure the
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critical size of the obtained shut-
ter with the required reproduc-
ibility, but also to know precisely
at what height the measurement
takes place. To this end, a tech-
nique is required that makes it
possible to measure the over-
all profile of the resulting three-
dimensional structure of ele-
ments, including the determina-
tion of their lateral dimensions,
thicknesses, and the angle of
inclination of the walls. This can
be achieved with the transition to
diffraction optical techniques for
measuring critical dimensions,
such as scatterometry [17] (Fig.3
and 4).

In the practice of modern
microelectronics, optical scat-
terometry is used as a standard
method for controlling the forma-
tion of three-dimensional struc-
tures. In particular, scatterome-
try is actively used to control crit-
ical dimensions in photolitho-
graphic [18] and etching processes
(17, 19]. This technique allows one
to analyze diffraction patterns
from periodic structures in order
to restore their spatial profiles. In
this case, it is possible not only to
measure the lateral dimensions
of periodic structures, but also
the depth of the grooves of etch-
ing, the slope of their walls. In
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KPUTHYECKHUX Pa3MepoB B QOTONUTOTPaPUIeCKUX
npomeccax (18] u mpoueccax TpasaeHus [17, 19]. 9Ta
METOAMKA I[103BOJIIeT aHATHU3HUPOBATh KAPTHUHEI
IUPaKIMK OT IEPUOJHUYECKUX CTPYKTYP C LI@JIbIO
BOCCTAHOBJIEHU S UX IIPOCTPAHCTBEHHBIX IPOPHU-
nei. IIpu 3TOM BO3MOSKHO He TOJIBKO HU3MepeHHe
JlaTepajbHBIX Pa3sMepoOB IMePHOIUYECKUX CTPYK-
Typ, HO OLHOBPeMeHHO U I/TyOHHEl KaHAaBOK TpaB-
JeHH s, HaK/IOHA UX CTeHOK. B MHPOBOM IIpaKTHKe
CKaTTePOMETPH A II0JIYYHJIa MM POKOE PACIIPOCTpa-
HeHMe [IPU IlepexojJe Ha MaJible TOIOJOTUYeCKHe
HOpMHI (19, 21], TaK KaK I103BOJIsIeT 3aMeHHUTb CpPa3y
HeCKOJbKO TPAAMLMOHHBIX CPeACTB KOHTPOS,
a TakKe ob1ajgaeT BBICOKOIM IIPOM3BOAUTENBHO-
CTBIO M TOYHOCTBIO [20]. MeTogMKa yCIIeIIHO IIPH-
MeHSeTCSI Ha TeXHOJIOIHYeCKHX YPOBHAX BIIJIOTh
o 20 HM (20, 21], mpuYeM BIHSHHEe MIePOXOBATO-
CTeHd IpaHHUI] 3IeMeHTOB Ha pe3yl1bTaT M3y4eHO
(18, 22] 1 MoXKeT BBITH yUYTEHO.

OnmHako, ycIeumHoe BHepeHHe CKaTTepOMeTpUU
B Ka>K/I0M Te€XHOJIOTH4YeCKOM cJiy4dae TpebyeT mpo-
BeJleHH I KOMIIJIEKCHOTO HCC/IeIOBAHM A CTPYKTY PhI
IepeKpecTHBHIMHU MeToJaMHU. [TomobHoe Hccaeo0-
BaHHe, [I03BOJIMBIIee BHeJPUTh JAHHYI METO-
JUKY OJ151 KOHTPOJIs TeXHOJOTHYEeCKOTo IIporecca
TPaB/IeHMUS IlleJleBON HU30SIUU, IOAPOOHO OIU-
CBIBAJIOCh HAaMHU B paboTe [23]. Mcr1onb30BaHHBIH
B 3TOM HCCJIeJOBAaHHUM CKaTTePOMETP MOXKET IIPH-
MEHSATBCS O/ KOHTPOJIS KPUTHUYECKHUX pasme-
POB BIIJIOTH [0 TEXHOJIOTHUYECKOIO YPOBHSA 45 HM.
9TO0 CBSI3aHO C TeM, UTO ero CIeKTPa/JbHBIH JHa-
ma3oH 250-800 HM orpaHHYeH MCIIOJb30BAHHBIM

HCTOUYHHKOM (KCeHOHOBAs JaMIla), a TaKXKe Xapak-
TepPUCTHKaMHM IIPONYCKAHUS ONTHYECKUX 3IeMeH-
TOB. TexHHKA ONTHYeCKOU CKaTTePOMEeTPHUH A
MeHBIIHX IIPOeKTHBIX HOPM MOKeT OBITh peann3o-
BaHa 3a CuUeT [Iepexofa B 4aCTh CIIeKTPa C MeHbIIEH
JIJIMHOM BOJIHBI C UCIIO/Ib30BaHKEM JAeUTepHUeBOro
HCTOYHHKA, HMEIOLero TUIIMYHBIH CIIeKTPaIbHBIH
nuamnas’oH 150-400 um. Takas ycTaHOBKA I103BO-
JIUT NPOBOJUTH KOHTPOJIb KPUTHUECKHUX Pa3MepOB
BILJIOTh IO TeXHOJIOTUH 22 HM [13].

JanpHenIIee CMeIleHHe MCII0JIb3yeMOTo CIIeK-
TPaJIbHOIO AHaIla30Ha [JIs1 OITUYeCKHUX CKAaTTepo-
MeTPOB IpeACcTaB/sieTcss IPobleMaTHUYHBIM, TaK
Kak norpebyeT BaKyyMHPOBAaHUS ONTHUYECKOIO
TpPaKTa, UCIIOJb30BAHUS CBEPXUUCTOTO a30Ta [AJIs
ero IOCTOSIHHOM NPOAYBKH, JTHUOO APYIrUX Tex-
HHYECKHX pelleHHUH, KOTOPble IPUBEAYT K pes-
KOMY POCTY CTOMMOCTH YCTAHOBKH U 3aTpaT Ha ee
3KCIIJyaTalHo. IIo9ToMy B HacTosllee BpeMs
Bellyllke MHUPOBEe NIPOU3BOJAUTENIH MeTPOJIO-
ruyeckoro obopynoBaHHUs NPOBOAST pa3paboTky
PeHTreHOBCKHUX CPeACTB M3MepeHHUs KpUTHYe-
CKHX pa3MepoB. [IpuMepoM MOKeT SIBJIAThCS yCTa-
HOBKaA JJIsI U3MepeHHUsI KPUTHUYECKHUX Pa3MepoB
MOCpPeACTBOM aHaaK3a KAPTUH MaJIOyIJI0BOTO pac-
CestHHS PeHTreHOBCKHUX ny4den (CD-SAXS), KoTo-
pasi B HacTosilee BpeMs pa3pabaTeiBaeTcs SIIOH-
ckoi kommaHHeln Rigaku [24]. 3Ta ycTaHOBKa
InpeJHa3sHadeHa [/Is1 UCIIOJAb30BAHMS HA TeXHOJIO-
THYeCKMX YPOBHAX 10 HM K HMKe. JIpyrou rpyi-
IIOM HCCJlefloBaTe/lel B HACTOsIIlee BeJeTCs paspa-
60TKa YCTAaHOBKH CKaTTepoMeTpHuH, paboTalomer

the world practice, the scatterom-
etry has become widely used in
the transition to small design
rules [19, 21], since it allows the
replacement of several traditional
means of control, and also has
high performance and accuracy
(20]. The technique is successfully
applied at technological levels up
to 20 nm [20, 21], and the effect
of the roughness of the element
boundaries on the result has been
studied [18, 22] and can be taken
into account.

However, the successful intro-
duction of scatterometry in
each technological case requires
a comprehensive study of the

structure by cross methods. Such
a study, which made it possible to
introduce this technique to con-
trol the etching of gap insula-
tion, was described in detail in
(23]. The scatterometer used in
this study can be used to mea-
sure critical dimensions up to a
design rule of 45 nm. This is due
to the fact that its spectral range
of 250-800 nm is limited by the
source used (xenon lamp), as well
as by the transmission charac-
teristics of optical elements. The
technique of optical scatterom-
etry for smaller design rules can
be realized by switching to a part
of the spectrum with a shorter

wavelength using a deuterium
source having a typical spectral
range of 150-400 nm. Such an
installation will allow monitor-
ing of critical dimensions down
to 22 nm [13].

Further shift of the spectral
range of optical scatterometers is
problematic, since it will require
vacuumation of the optical path,
the use of ultrapure nitrogen for
its constant purging, or other
technical solutions that will lead
to a sharp increase in the cost of
the equipment and the cost of
its operation. Therefore, leading
world manufacturers of metro-
logical equipment are developing
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Ha QOKYCHPOBAaHHBIX MOHHBIX IIyYKaX (PUII) [25].
TaKkoH MOAXO[ II03BOJISIeT ONpee/IUTh He TOJIBKO
NPOCTPAaHCTBEHHYI FeOMeTPHIO HCCIeyeMOU
MepruoAHYeCKOU CTPYKTYPHI, HO U NPOUIb pac-
npeneneHHs] XUMHUUYECKHX 9/IeMeHTOB B Hell. ITo
HeobXxomuMoO /sl OIlepaTHBHOIO KOHTPOJS pac-
Npefe/leHUs TeTUPYWOIIHNX IPUMeceH Ha BepTHU-
KaJIbHBIX CTEHKAaX CTPYKTYPHI, YTO BaA>KHO B COB-
pemenHon KMOII-TexHOJIOTHH NPHU GOpMHUPOBa-
HHUHU TaK Ha3biBaeMbIX FINFET TPaH3UCTOPHBIX
CTPYKTYP.

[lepBHle OIIBITH, OIIMCAaHHEIE B paboTax [24, 25],
YKa3blBAIOT, UYTO AJISI KOHTPOIsS KakK Hauboiee
MajopasMepHBIX, TaK U APYrux 3jnemMeHToB HMC
HeobX0JMMO COUeTaHHe ONTHYECKON U peHTre-
HOBCKOM HMJIM MOHHOM MeTOJHUK, BO3MOXHOCTH
U OTPAaHHUYEeHHUS KOTOPHIX JOJIKHBI OBITH HCCIIe-
NOBAHBI NOMNOJHUTENBHO. B 3TON CBA3U CledyeT
HAaIlOMHHUTb O HeOOXOAUMOCTHU CHHKEHHUS CTe-
IeHU BO3JeHCTBUS Ha obpasel], ¢ KOTOPOH MBI
M HadajIu PacCMOTPeHHe MeTOAUKH ONTHYeCKOH
craTTepoMeTpuH. [Ipu mepexome B CKaTTepoMe-
TPUHU Ha PeHTTeHOBCKHU M AHAIa30H TpebyeTcs yueT
MHOTHUX $aKTOPOB, KOTOpPble MOTYT CAejaTh IIPH-
MeHeHHe MeTOOUKU B TeXHOJOTHUYEeCKOM IIHKIJIe
3aTPYAHHUTENbHBIM UM HEBO3MOXHBIM. Clieayer
YUHUTBIBATh 06pa3oBaHHe pafUAllMOHHBIX Aedek-
TOB, HeTaTHBHOE BO3JeHCTBHEe Ha 10K GOoTopesu-
CTa U HUJKejexkalnue ciaou. IIpu nepexoge kK ®UII
HOMeHKJIaTypa Iapa3suTHHX 30 deKToB ele Hoee
yBenuuuBaeTcs. BosgercTeue OUII Ha CTPyK-
Typy MaTepHana CTaao NpeAMeToM 0b6CyKAeHU s

Ha HeslaBHeH KoHdepeHuu ConFab-2017 [26] u B
OLHOM M3 ITOC/IeIHUX HOMePOB KypHasa SolidState
Technology [27], a Takke paccMaTpHBaIHCh
B HeZlaBHUX paboTax Kak 3apybesKHbBIMHU KOJIJIEKTH-
BaMHU aBTOPOB [28], Tak ¥ HamMHu [29].

KOHTPOJ1b BE/IW4UH PA3MDBITUA TPAHUL PASJIENIA

BaskHOHM 0c0B6eHHOCTBIO, KOTOPYI HeobX0mHUMO
YUYHUTHIBATH IIPY KOHTPOJIe HAHOPAa3MEePHBIX CTPYK-
TYP, ABJASETCS pa3sMbITHe TPAHHUIL] Pa3[e/ioB MaTe-
pHanoB, HacTyIampIlee NPU UX B3aUMHOU TUPy-
3un. [IpU CHUKeHUHU abCOMIOTHBIX 3HAUeHUH pas-
MepoOB 3JIeMeHTOB OTHOCHTeIbHBIH BK/Ia/J LAaHHBIX
3¢ pexToB pacrTeT. [IppyeM B HEKOTOPHIX CIy4asx
OHH MOTYT IPUBOJHUTS K II0JIHOM MOTepe GYHKI[HO-
HaJIBHBIX CBOMCTB CTPYKTYPHl U, KaK CIeACTBHE,
K [I0OJIHOMY BBIXOZAY M3JenHs U3 CTpos. [IpuMepom
TaKOTO C/y4yass MOXKeT ABJIATHCA JUPPY3HOHHO-
bapbepHasi CTPyKTypa, IPUMEHSOAsCS B TeXHO-
JIOTHH MeJHOH MeTajau3aluu Damascene. B Helt
HCIIO/NIB3YeTCsl [BOMHAS CTPYKTypa Ha OCHOBE TaH-
Tajaa U ero HUTpuUga. CBOMCTBa ZaHHBIX JBC-
CTPYKTYP, a TaK>Ke IIPHYHHBI, II0 KOTOPBIM B TeX-
HOJIOTUYeCKOM LIMKJIe MeJHOH MeTalJH3allUU
BbI6Op IMa/l UMEeHHO Ha HUX, IIOAPOO6HO OMMCAHEI
B (30, 31] u gpyrux paborax. [ HallUX LiejaeH
HeobXO0ZMMO THUIIb YIIOMSHYTh QYHKIIHOHAIBHOE
Ha3Ha4deHHe Ka>kKJ0ro M3 CJI0eB B JaHHOM CTPYyK-
Type: TaN obecrmeunBaeT afre3snio K Me>KCIOH-
HOMY OHM3JIeKTPHUKY (Kak K OKHCIY, TaK U K low-
k-musnrekTpUKaM), UMeeT YAOBIETBOPUTEJIbHBIE
nuddysuoHHO-6apbepHBle CBOMCTBA, a TakXe

X-ray devices for measuring crit-
ical dimensions. An example
would be a system for measur-
ing critical dimensions by ana-
lyzing critical-dimension small-
angle X-ray scattering (CD-SAXS),
which is currently being devel-
oped by the Japanese company
Rigaku [24]. This unit is designed
for use at design rules of 10
nm or lower. Another group of
researchers is currently develop-
ing a scatterometer operating on
focused ion beams (FIB) [25]. This
approach allows us to determine
not only the spatial geometry
of the periodic structure under
study, but also the distribution
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profile of the chemical elements
in it. This is necessary for the
operational control of the distri-
bution of doping impurities on
the vertical walls of the struc-
ture, which is important in mod-
ern CMOS technology in the for-
mation of so-called FinFET tran-
sistor structures.

The first experiments described
in [24, 25] indicate that the con-
trol of both the smallest and the
other IC elements requires a com-
bination of optical and X-ray or
ionic techniques, the possibil-
ities and limitations of which
must be investigated addition-
ally. In this connection, it should

be recalled that it is necessary
to reduce the degree of influ-
ence on the sample, with which
we began our examination of
the optical scatterometry. When
passing in scatherometry to the
X-ray range, it is necessary to
take into account many factors
that may make application of
the technique in the production
difficult or impossible. It is nec-
essary to take into account the
radiation defects, the negative
effect on the photoresist and the
underlying layers. At the tran-
sition to the FIB, the nomencla-
ture of parasitic effects is further
increased. The effect of FIB on the
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3ajaet pocT anbda-dpassl (Kybuueckoit). Ta, KoTo-
past uMeeT 60Jiee HH3KOe KOHTAKTHOE COIIPOTUB-
JeHHe II0 CpaBHeHHUIO ¢ beTa (TeTparoHa/lbHON)
das3o0r; TaHTaJa BEICTYIIaeT B KayeCTBe OCHOBHOTO
IBC-cios, obecreynuBaeT XOPOIIYIO afATre3ru0 Meau
U, B JONOJIHEHHe, - He06X0AUMY0 KPHUCTAJJIOL-
paduyecKkyo opHeHTAaL M0 HAHOCUMOTO BIIOC/Ie/-
CTBHH 3aTpaBoYHOro csos menu. Cinou TaN u Ta
MOXHO HAaHOCHTb B OJHOH KaMepe, UTO fAejaeT
NpuMeHeHHe NAaHHOMN JBC-CTPYKTYPHl 9KOHOMHU-
YeCKH OIlpaBJaHHBIM. TUIIMYHAA CTPYKTYypa MeJ-
HOM MeTaJUIM3aLlhHU, B KOTOPOX Hcmonb3yeTrcd JBC
Ha OCHOBe TaHTAaJla U ero HUTPHUA, IPUBeAeHa
Ha puc.5.

B HacTogllee Bpems A IMOOIepalHOH-
HOTI'O KOHTPOJIS IPOLeCCOB IOJy4YeHUS AaHHOU
CTPYKTYPBl MCIIONIB3YIOTCSI HHTepdepoMeTpHU-
yeckue (JIMIUIICOMeTpPHUSs), peHTTeHOoBCcKuUe (PP,
P®C) u poToaKkycTHUeCKHEe MeTOLUKH [32], KoTO-
pble He MMO3BOJAIOT ONpeAelnuTh pa3fe/bHble 3HA-
YeHH S TOMIIHH caoeB Ta ¥ TaN mo ciaefyoIiiuM

IIpUYHUHaAM!:
* CXOXEeCTh ONTUYECKUX CBOHCTB - [HOIi
JIIMIICOMETPUH;

* Ppa3sMbITas rpaHULIa pasfena - s PP;
* HM3Kas YyBCTBUTETBHOCTH K a30TYy — AJist POC;
¢ CXOXXeCTb 3HAUeHUM aKyCTHYECKUX UMIIeHJaH-

COB — 1151 GOTOAKYCTHUKH.

IIpy 3TOM, MMEHHO TOJIIMHA CJIOS TaHTaIa
SIBJISIETCSI KPUTUYECKH BaKHBIM IIapaMeTpoM, TakK
KaK OHa ompefeinseT 4ubdy3rnoHHO-6apbepHble CBOK-
CTBAa CTPYKTYPBHI.

55200 5 Ok

Puc.5. TunuyHas cmpykmypa medHol memanausayuu ¢ oug-
(y3UOHHO-6apbepHbIMU CAOSIMU Ha 0cHose Ta u TaN

Fig.5. Typical structure of copper metallization with diffusion-
barrier layers based on Ta and TaN

JllanHBIe 06CTOATENBCTBA IPUBEIH K TOMY, 4YTO
PacnpoCTpPaHeHHOM MPAaKTUKOM CTaJlo M3MepeHue
B TeXHOJIOTHYeCKOM LIMKJIe TOIbKO 06Ier TOIIHHBI
JBOMHOM CTPYKTYPHI. TONIIHHBI 5Ke OTJe/IbHBIX CTI0eB
[10J1y4ak0T KOCBEHHO ~ [10 U3MePeHHUSIM Ha IIJIaCTH-
HaX-CIIyTHUKAaX. [IJIs1 3TOr0 UCIIOIb3YOTCA [IBe [NOII0J-
HUTe/bHble IJIACTUHBI: OAHA COAEPXHUT IIJIeHKY
HUTpHUJA TaHTaza, Apyras - TaHTa/J, HaHeCeHHEIe
B TeX Xe PeKMMaXx, UTO U [/ [I0Jy4eHUs KaKA0To
M3 CJI0eB B MHTeTPHPOBAHHOM CTPYKType. TaKkou
MeTOJ] He I103BOJIsieT y4eCTh Pa3MBEITHEe I'PaHMIIEL

material structure was discussed
at a recent ConFab-2017 confer-
ence [26] and in one of the latest
issues of SolidState Technology
journal [27], and was also consid-
ered in recent works by both for-
eign authors [28] and us [29].

CONTROL OF BLURRING

OF INTERFACES

An important feature that must
be taken into account when con-
trolling nanoscale structures is
the blurring of the interfaces of
the material that occurs when
they are interdiffused. When
the absolute values of the ele-
ment sizes decrease, the relative

contribution of these effects
increases. And in some cases,
they can lead to a complete loss
of functional properties of the
structure and, as a consequence,
to the complete failure of the
product. An example of such a
case may be the diffusion-bar-
rier structure used in the tech-
nology of copper metallization -
the Damascene process. It uses
a double structure based on tan-
talum and its nitride. The prop-
erties of these DBC structures,
as well as the reasons for choos-
ing them for copper metalliza-
tion, are described in detail in
(30, 31] and other works. For our

purposes, we only need to men-
tion the functional purpose of
each of the layers in this struc-
ture: TaN provides adhesion to
the interlayer dielectric (both to
oxide and to low-k dielectrics),
has satisfactory diffusion-bar-
rier properties, and also deter-
mines the growth of the alpha
phase (cubic) of Ta, which has
a lower contact resistance com-
pared to the beta (tetragonal)
phase; tantalum acts as the basic
DBC layer, provides good adhe-
sion of copper and, in addition,
the necessary crystallographic
orientation of the subsequently
deposited seed layer of copper.

#5/76 /2017 NANO INDUSTRY



HAHOTEXHONOrMN. DNEKTPOHUKA

8 HM|nNm
4 ] T—
3 4
S 5 Ta TaN
9
1
Sio,
O T T T T T 1
0 10 20 30 40 50
d, Hm|nm

Puc.6. BoccmaHogAeHHbIl no KomnAekcHOU memoduke
PP+MYPP npoguab pacnpedeneHusi 3AeKmpoHHOU NAOMHoOCMU
no 2aybuxe cmpykmypbi Ta/TaN

Fig.6. Profile of distribution of electron density on depth of
Ta/TaN structure obtained using XRR+SAS method

paszmena, Hen36e>KHO IPOUCXO/sIee TP IOy YeHU U
MHTeIrPUPOBAHHON CTPYKTYPhI. [lo Mepe pa3BUTHUS
TeXHOJIOTHH, TOTIIUHBI C7I0eB B JIBC-CTPYKTypax CHU-
>KaloTCsl. HampuMep, AJ1sl TEXHOJIOTMUECKHUX YPOBHEH
HMKe 65 HM obmmas TonmuHa sudoy3noHHo-6apbep-
HOM CTPYKTYPHI JOMKHA ObITh MeHbIIe 5 HM [33]. 3To
obyciaBiarBaeT HeOOXOMMMOCTD yueTa TPAaHUIIBI Pas-
Iena MeXAy MaTepHUalaMHU.

Kon7IeKTUBOM C y4acTHeM aBTOPOB HACTOSIEH
cTaThy bbLIA IIpeIokeHA MeTOAKKA, [103BOJISIONIAs
[I0JIy4aTh pa3/ie/bHble 3HAUEHU S TONLIUH IIJIEHOK
Ta u TaN. OHa mpepmoiaraeT COBMeCTHOE MCII0Ib30-
BaHHe PP 1 MajoyrioBoro paccessHusi (MYPP), KoTo-
pHBle OIS [IOKCKA pelleHUs 00 beUHSIOTCS B e TUHBIN
LIUKJI 06paboTKU JaHHBIX. DTa METOLUKA IIOAPO6HO
orrcaHa B pabore [34]. [laHHas MeTOLHMKA I103BOJIHIA
MOJIYYUTh IIPOGUIb pacIpesieeHHs 3JIeKTPOHHOHN
IIJIOTHOCTH 10 ITy6rHe 06pasiia, a Takske yCTAHOBUTH
3a CYeT 4Yero oHa M3MeHseTCsS B JAaHHOM obpaslie.
IocnegHee 6BII0 COeIaHO C IIOMOIIBI0 MeToga MYPP,
nobaBIeHMe KOTOPOro [TO3BOJIKMIIO Pa3PeIluTh Heol-
HO3HAYHOCTH "IVIOTHOCTh-IIEPOXOBATOCTH (35, 36] U,
B KOHEYHOM HTOre, BBISIBUTH GakT nuddysuu azora
W3 IVIEHKW HUTPHZAA TaHTajla B IUIEHKY TaHTaJla.
JlaHHOe SBJIeHHe NOIKHO YUHUTBHIBAThCS IIPH IIPOEK-
TUPOBAaHUHU IPUOOPOB, TAK KaK OHO BeJeT K Ierpafa-
LUK 6apbepHBIX CBOMCTB CTPYKTYpbl. HeocTaTouHbIe
OapbepHBIe CBOMCTBA TAKUX CTPYKTYP MOTYT IIPHUBO-
OUTh K CHUKeHHUIO HaexkKHOoCTH HC BIIJIOTH A0 II0JI-
HOM IIOTEPH ITOTPebUTEeIbCKUX KaueCTB.

3AK/IIOYEHUE

B paboTe paccMOTpeH Ipoliecc KOHTPOISI TeXHONIOIH-
YeCKOTo IMKJIa IIPOM3BO/CTBA HAHOPAa3MepHbIX H3/le-
UM TBEPAOTeIbHOM 31eKTPOHUKH U IIOKA3aHO, YTO
BO MHOTHX C/ly4asXx TpebyeTcsl mepecMOTp CyIecT-
BYIOIIMX METOJMK KOHTPOJIS A/sl yAOBIeTBOPeHU
IpebsBIIsieMbIX K 3TOMY IIpolieccy TpeboBaHUH. [s
yBeIHYeHHUs JOCTOBEPHOCTH I10JIydaeMbIX Pe3ysb-
TaTOB B HEKOTOPBIX C/Iy4yasix HeoOXOoHM Iepexof

thicknesses of the individual

The layers of TaN and Ta can be

deposited in one chamber, which
makes the use of this DBC struc-
ture economically justified. A
typical structure of copper met-
allization, in which DBC on the
basis of tantalum and its nitride
is used, is shown in Fig.5.

At present, interferometric
(ellipsometry), X-ray (XRR, XRFS)
and photoacoustic techniques [32]
are used for the operational con-
trol of the processes of obtain-
ing this structure, which do not
allow us to determine the sepa-
rate thickness values of the Ta
and TaN layers for the following
reasons:

HAHO MHOVCTPHA #s/76/ 2017

similarity of optical properties -

for ellipsometry;

o Dblurred interface - for XRR;

« low sensitivity to nitrogen - for
XRFS;

« similarity of acoustic
impendence values - for
photoacoustics.

However, the thickness of
the tantalum layer is a critically
important parameter, since it
determines the diffusion-barrier
properties of the structure.

These circumstances led to
the fact that the common prac-
tice is to measure in the pro-
cess cycle only the overall thick-
ness of the double structure. The

layers are obtained indirectly -
from measurements on the sat-
ellite wafers. For this, two addi-
tional wafers are used: one con-
tains a film of tantalum nitride,
the other - of tantalum depos-
ited in the same modes as for
obtaining each of the layers in
the integrated structure. Such
a method does not allow tak-
ing into account the blurring of
the interface, which inevitably
occurs when an integrated struc-
ture is obtained. As the tech-
nology develops, the thickness
of the layers in the DBC struc-
tures decreases. For example, for
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Ha KOMIIJIEKCHble MEeTOAUKH KOHTPOJs, MoApasy-
MeBaIIIKe KOMIIJIEMeHTapHOe, B3aMMOZOIIONIHSIIO-
Ilee IIpUMeHeHHe HeCKOIbKUX PA3IMUYHbBIX MEeTOI0B.
VHorma TaKoM IIOAXOJ, SIBISETCS efUHCTBEHHO BO3-
MOSKHBIM [IJI5 II0O/Ty4eHHU I He0OXOMMOTr0 pe3y/IbTaTa.
Ecau paHee IIPU KOHTPOJIE IIPOLIECCOB, HAIIPUMEP,
CyOMHKPOHHOM TeXHOJIOTHMH, MOKHO OBIJIO BEIOpPATh
M3 CYLIeCTBYOIINX METOAHUK Ty, UTO SIB/ISETCS OIITH-
MaJIbHOM IS JAHHOTO C/Iy4asi, TO B COBPeMeHHOH
TeXHOJIOTHH 3TOT0 3a4acTyI0 Clle/IaTh Hemb3s, TaK KaK
TaKOM MeTOAUKH ITPOCTO He CyIIeCTBYeT.

B pabore roka3sbIBaeTcs HEOOXOAMMOCTD yueTa CIie-
UUPUUIECKUX SIBI€HUM, IIPUCYIIUX IIePeX0y K IOy~
YeHHI0 HAaHOPAa3MepHBIX 3IeMeHTOB U CTPYKTYP.
Cpenu HUX, BO-TIEPBBIX, C/IefyeT YIIOMSIHYTh H3MeHe-
HHe MeXaHHU4YeCKHUX U CTPYKTYPHBIX CBOMCTB y HAHO-
06BEeKTOB, a TAaK>Ke SIBJIeHUSI IUGOY3HUU U TIOBEPXHOCT-
Hble 3¢ deKTHI. [1o Mepe Pa3BUTHS TEXHOIOTUU B CTO-
POHY YMeHBIIeHHS PA3MePOB HU3r0TaBINBAEMBIX JIe-
MeHTOB, JaHHble 3QGeKTh HAYUHAIOT UT'PATh OIIpefie-
JISIOLIYIO POJIb B CBOKICTBAX I10Iy4aeMBbIX CTPYKTYP H,
CJleZloBaTeIbHO, 06s13aTeNleH UX y4eT IIPU OpraHu3a-
LIUY KOHTPOJISL TEXHOJIOTUYECKHUX IIPOLIECCOB.

Pa3BUTHE TeXHOJOIUHU U ABUKEHHE IIPOEKTHBIX
HOPM B CTOPOHY YMeHbIIEHH I, KaK y>Ke 6bI/10 Heoll-
HOKPATHO II0Ka3aHO, CBSI3aHBI C KOPeHHBIM H3Me-
HeHHeM QyHAAMeHTAIbHBIX CBOKMCTB MaTepHaJioB
U CTPYKTYP, 4YTO 6BIJIO IIpefMeTOM OOCysKIeHHUS
B paborte [1]. 9dPeKTUBHBIN KOHTPOIb TEXHOIOIU-
YeCKoro mpouecca 6a3supyercs Ha y4ueTe 3STUX U3Me-
HeHHUI. HekoTopble U3 HUX CJeflyeT ClelHalbHO
OTMETHUTH, KaK OKa3blBalIlue ocoboe BIUSIHUE

Ha KOHTPOJIb TeXHOJIOTHYeCKOro ITpoliecca ¥ Heobxo-
IUMOCTH Pa3paboTKU HOBBIX TEXHHUUECKHUX CPEe/ICTB.

IIpeskge Bcero, Heo6XOQMMO YUHUTHIBATh U3Me-
HeHHe CTPYKTYyPpbl MaTepHaja U I1epexoll B HoBoe
COCTOSIHME, B YaCTHOCTU KBAa3UKUIKOCTb. HemaBHO
KoMIlaHHUS IBM mpenctaBuia usobpaskeHHUe TpaH-
3UCTOPHOM CTPYKTYPbl, U3TOTOBJIEHHO I10 TEXHO-
noruu 7 HM [37] (puc.7). IlosgsBUBIIASICS B IIOC/IE]-
Hee BpeMms MHPOpMAL K [IOKA3bIBaeT, YTO IIPU
TaKHX pa3Mepax CTPYKTypa, [I0-BUAHUMOMY, IIOJIHO-
CTBIO SIBJISIETCS YIIOPSIAOYeHHOHN aMOpoHO, 1160
10 CyLeCTBYOIeH TEPMHUHOJNOIHH ~ KBAa3HU KU/~
KOH, 1 ee MexaHHUYeCKHe CBONCTBA CyLIeCTBEHHO
OT/IMYAIOTCSI OT CBOMCTB M3BECTHOIO HAaM MOHOKPH-
CTa/JIMYeCKOro KpeMHHS.

B TO >Xe BpeMs, Ha IIPOIIeJIINX HeJaBHO KOHbe-
peHIMAX [26] 1 B onmybIMKOBAHHBIX paborax (27,
28] monpobHO pacCMaTpPUBAIOTCS BOIPOCHI, CBS-
3aHHBIe C BO3/JIeHICTBHEM CaMUX HU3MePUTeNbHBIX
METOJIUK Ha CTPYKTYpy HAaHOpPa3MepHBIX 00 beKTOB.
9T 3¢ eKTH HeoOX0AMMO TUIATeTbHBIM 00pa3oM
YYUTBIBATh IIPU IOCTPOEHUH CUCTEMBI TeXHOJIOTH-
YeCKOT0 KOHTPOJISI IIPOU3BOACTBA, YTOORI IIONIyUYaTh
JIIOCTOBEPHBIE pPe3y/bTaThl U3MePeHHUs, H, KaK CIef-
CTBHe, UMeTh BBICOKHUH IIPOLIEHT BBIXOAA TOAHBIX
U3OeIN.

U, HakoHel], TeXHOJOTHYeCKHEe BO3MOXKHO-
CTH GOPMHUPOBAHHUS MaJopa3sMepHBIX (HaHOpas-
MEepPHBIX) 3IeKTPOHHBIX, JIN60 371eKTPOHHO-OIITH-
YeCKHUX CTPYKTYpP HYXLAIOTCS B HCIIOJb30BAaHHUH
HOBBIX TeXHOJIOTUYeCKHX METOLO0B U HOBBIX H3Me-
PUTeNbHBIX METOAUK. B COBpeMeHHOH JTHUTepaType

design rules below 65 nm, the
total thickness of the diffusion
barrier structure should be less
than 5nm [33]. This makes it nec-
essary to take into account the
interface between materials.

The team, with the participa-
tion of the authors of this paper,
proposed a technique that makes
it possible to obtain separate val-
ues for the thicknesses of Ta and
TaN films. It involves the com-
bined use of XRR and small angle
X-ray scattering (SAXS), which, in
order to find solutions, are com-
bined into a single data processing
cycle. This technique is described
in detail in [34]. It made it possible

to obtain a distribution profile
of the electron density along the
depth of the sample, and also
to establish how it changes in
this sample. The latter was done
thanks to SAXS, the addition
of which allowed to resolve the
ambiguity "density-roughness”
(35, 36] and, ultimately, to reveal
the fact of diffusion of nitrogen
from the tantalum nitride film
into the tantalum film. This phe-
nomenon should be taken into
account in the design of devices,
as it leads to the degradation of
the barrier properties of the struc-
ture. Inadequate barrier proper-
ties of such structures can lead to

a decrease in the reliability of IC
up to the total loss of consumer
qualities.

CONCLUSION

The paper considers the process
of control of the production of
nanoscale products of solid-state
electronics and it is shown that in
many cases a revision of existing
control methods is required to sat-
isfy the requirements for this pro-
cess. In order to increase the reli-
ability of the results obtained, in
some cases a transition to complex
control techniques is required,
implying a complementary use
of several different methods.
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MaCCOBOT0O IIPOHU3BOACTBA 3Ta TEXHOJIOTHSI MaJIo IIPH-
roJHa U MOXeT YCTYIIaTh XOPOLIO M3BeCTHBIM MeTO-
IaM, B YaCTHOCTH, paJHaLlMOHHOMN TeXHOJIIOTUH H,
Ipesksie BCero, MOHHOM UMIIJTAHTALlMH. B KauecTBe
IpHMepa MOCMOTPUM Ha MCTOPHIO Pa3BUTHS TexX-
HOJIOTUU CO3/laHUS CBETOM3/Iy4aloUUX CTPYKTYP
Ha 6ase SiCe KBaHTOBBIX TOYeK. MHorue ony61KKo-
BaHHBIe HCCJIeJOBAHUS, IIOCBSIeHHbIe H3TOTOBJIe-
HUIO TAaKUX CTPYKTYP, IPOBeeHBl C UCIIOIb30Ba-
HHUEeM MeTOZa MOJIEKY/ISPHO-Ty4eBOHN 3IHUTaKCHUH.
B To0 >Kke BpeMs MBI ITTy60KO y6esKIeHBI, YTO MaCcCOBOE
ITPOM3BOZICTBO ITOJOOHBIX TPHOOPOB MOKET U JOJISKHO
OCHOBBIBAThCS Ha UCIIOIb30BAHHUH HOHHOM MMILIAH-
TaluK (MOHHOT'O CHHTe3a), Kak Obl/I0 HeOJHOKPATHO
IIOKAa3aHO B HAIMMX paboTax [38-41].

AULLCREEEREEERELALL

Asmopbl baazodapam I.M.CmupHosa 3a yuacmue 8 usme-
peHusax permeeHosckumu memodamu u 3a 0bcyskdeHue noay-
YEHHbLX pe3yAbmamos.

100 HM | nm
e |

Puc.7. MpubopHas cmpykmypa FinFET-mpaH3ucmopos, u3zo-
MOB8AEHHAS N0 MEXHOAO2UU 7 HM. M306paxkeHue KomnaHuu 1.
1BM [37]

Fig.7. Structure of FinFET transistors manufactured using 7 nm
technology. Image courtesy of IBM [37]
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Sometimes this approach is the
only one possible to obtain the
desired result. If when control-
ling processes, for example, of
submicron technology, you could
choose from the existing methods
one that is optimal for the given
case, in modern technology this
can often not be done, since such
a technique simply does not exist.
The paper shows the need to
take into account the specific
phenomena inherent in the
transition to the production of
nanoscale elements and struc-
tures. Among them, firstly,
we should mention the change
in mechanical and structural
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properties of nano-objects, as
well as diffusion phenomena and
surface effects. With the develop-
ment of technology in the direc-
tion of reducing the size of the
elements produced, these effects
begin to play a decisive role in
the properties of the structures
obtained and, consequently, they
must be taken into account when
organizing the process control.
The development of technology
and the movement of design stan-
dards in the direction of reduc-
tion, as has been shown repeat-
edly, are associated with a fun-
damental change in the proper-
ties of materials and structures,

which was the subject of discus-
sion in [1]. Effective process con-
trol is based on taking these
changes into account. Some of
them should be specially noted
as having a special impact on the
process control and the need to
develop new tools.

First of all, it is necessary to take
into account the change in the
structure of the material and the
transition to a new state, in par-
ticular quasi-liquid. Recently, IBM
introduced a picture of a transis-
tor structure manufactured using
7 nm process [37] (Fig.7). The recent
information shows that at such
sizes the structure appears to be
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completely ordered amorphous, or,
according to the existing terminol-
ogy, quasi-liquid, and its mechan-
ical properties differ substantially
from the properties of the single-
crystal silicon known to us.

At the same time, at the recent
conferences [26] and in the pub-
lished papers [27, 28], the prob-
lems connected with the influ-
ence of the measuring techniques
themselves on the structure of
nano-sized objects are consid-
ered in detail. These effects must
be carefully taken into account
when constructing a process con-
trol system to produce reliable
measurement results and, as a
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consequence, have a high per-
centage of yield.

And, finally, the technological
possibilities for the formation of
small-sized (nano-sized) electronic
or electronic-optical structures
require the use of new processes
and new measurement techniques.
In modern literature, samples of
such structures are tried to obtain
using such well-controlled and in
some cases unique methods, as
molecular-beam epitaxy. However,
in real mass production, this tech-
nology is of little use and may be
inferior to well-known methods,
in particular, radiation technology
and, above all, ion implantation.

As an example, let's look at the his-
tory of the development of tech-
nology for creating light-emitting
structures based on SiGe quantum
dots. Many published studies on
the obtaining of such structures
have been carried out using molec-
ular beam epitaxy. At the same
time, we are deeply convinced that
the mass production of such devices
can and must be based on the use
of ion implantation (ionic synthe-
sis), as has been repeatedly shown
in our works [38-41]. [ |
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