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Abstract. The possibility ofdetection ofdefects in silicon wafers by Fourier analysis of
digital images obtained by laser introscopy is shown.
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WHTpockonnss - 3TO  Hepaspyluatollee WucCnefoBaHUWe BHYTPEHHeW CTPYKTypbl
Hernpo3payHoro 06beKTa M NPOTEKAaKLMUX B HEM MPOLLECCOB C MOMOLLbI 3BYKOBbIX BOSH,
3M1EKTPOMArHUTHOIO W3/y4YeHUsl, MOCTOSAHHOrO WM MEepPeMEHHOr0 3/1eKTPOMarHUTHOro Mons
NN NOTOKOB 3/1EMEHTapHbIX YacTuy. B nocnefHee Bpems Ansi pasBUTUSA 3/1EMEHTHOWN 6asbl
(hOTOHMKM Bce 60/€e aKTya/lbHOW CTaHOBUTCA pa3paboTKa MeTOA0B HepaspyLuatoLLleit
OMAarHOCTUKM N KOHTPONA Ha BCeX TEXHOIOrMYeCKMX 3JTanax: KOHTPO/b MWUCXOAHbIX
mMaTepuanos, MonydabpnkaToB W TrOTOBbIX W3feNNA, a Takke aHain3 MNPUYMH OTKa3oB,
BO3HMKAIOLLMX B MPOLECCe UCMIbITAHUIA 1 3KCMTyaTauuu.

Mo cpaBHEHWIO C 3M1eKTPOHHO-30HAOBbIMU MeTOAamMy OnTU4Yeckas [AMarHocTMKa B
MH(paKpacHOM [AuanasoHe MO03BO/ISET  BU3ya/IM3MpoBaTb  OObEMHbIE  3MIEKTPUYECKM
HeliTpa/ibHble [e(eKTbl, TaKMe KaK KUC/IOPOAHble N MeTaUI/IMYeCKUe NMpeumnuTaTbl, gedeKTbl
YyNakoBKW, AMCAOKALMMW, JIMHUA CKOMbXEHUS M MyCTOTbl B NAacTMHAaX KPeMHWs, apceHupa
rafyivs, repmaHns 1 B U3LeNIMAX Ha UX OCHOBE, a TakXXe BU3yasim3vpoBaTh CyLLEeCTBYHOLLNE B
HUX pas/iIMyHble MUKPONONsA. 3HauuTeNbHas rnybuHa NPOHUKHOBEHUSA WK-u3nyyeHus B
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NoslyNPOBOAHUKOBbLIX MaTepuanax B COYeTaHUM C permcTpaumen CUrHas0B-OTK/IMKOB
pas/IMyHOM (QM3NYECKON MpMpoabl MO3BOMSAET pPeasin3oBaTb KOMIMIEKCHYH ANarHOCTUKY
MUKPO3NEKTPOHHbIX  M3L4e/IMA U MaTepuasioB  C  MPUMEHEHMEM  KOMMbIOTEPHOW U
annapaTypHo/ Tomorpadguu. Takmm 06pa3om, 418 Bu3yasiM3auun M aHaamsa CTPYKTYpbl
ONTUYECKNX MaTepPUanoB U M3LesMA POTOHUKKN OOMbLUYID BaXXHOCTb MpuobpeTaeT 3ajadya
CO34aHMUA  MHOFOMYHKUMOHA/IbHOrO  060pYAOBaHUA U TEXHONOTUU  AUArHOCTUKM,
paccMOTPeHUST  (PU3NYECKMX OCOOEHHOCTEl (hopMMpOBaHUS KOHTpacTa W300padKeHWUiA
3NEKTPOHENTPa/IbHbIX Ae(MeKTOB W 3M1eMEHTOB B MNOJYNPOBOAHUKOBLIX KpuUcTasiax u
NPUMeHEHME NONYYEHHbIX Pe3yNbTaToB A/1A PELLEHMS HayUHbIX N NPaKTUYeCKMX 3afad.
PaspaboTaHHas cxeMa MHTPOCKOMa npeacTaB/ieHa Ha pucyHKe 1. Cxema COCTOMT U3 2X
KaHa/10B X0fa /1a3epHOro U3sly4eHUsl, KOTopble JOPMUPYIOTCA Ha pas3fenInTeslbHOM K/nHe 2.
B kaHasie n3nyyeHUs, OTPAKEHHOro OT K/MHA 2, (hOPMUPYEeTCA OMOPHbIA MYyYOK, B KaHase
N3NyYeHNs, NPOLUEALLIEr0 Yepe3 K/VH, PopMupyeTcss 06beKTHBIA My4vyoK. B nonHom o6beme
cxeMa paboTaeT Kak rosiorpauyeckas cucTeMa C pasHbIM yBeMYeHUEeM BMIOTb A0
YBe/IMYEHMA MUKPOCKOMa. B pexume CcbeMKM ronorpamMm  PpeHens cxema Mo3BOSSET
NOC/OMHO BOCCTaHaB/MBaTb M306paXkeHMe MUKPOOGLEKTOB BHYTPU MOAYNPOBOAHNKOBBLIX
nnactuH. B xoje pasBUTUA MNPOrpamMMHOro o6ecrneyeHMA BOCCTAHOB/IEHUS LINQPOBbIX
rofiorpaMyecKmx N306padKeHNn cxema MoXeT paboTaTb KaK MUKPOCKOM -UHTPOCKON.

1- nasep, 2,6 - ONTUYECKNIA KMH, 3,5-3epKano, 4,8-06beKTUB,
7-Kamepa, 9-nnacTunHa KpemMHuUA
Puc. 1. OnTunyeckaa cxema MHTPOCKONaA

B KauecTBe ucCnefyemMblXx 00BLEKTOB ObliM  BbibpaHbl  MAACTMHbI  KPEMHWUS,
OT/IMYaoLWMecs TOMWMHOA U CTEMeHb  MOMMPOBKU  MOBEPXHOCTU.  [1poBefeHHble
nccnefoBaHUA MokKasanv, UYTO BHYTPEHHWe TOYeUHble [eeKTbl MIaCTUHbI UrparT pPosb
MWKPOJIMH3 U CO34al0T TOYEYHble 1300paxeHus. Ons nonyyvyeHus 60see NoMHOM MH(opmaumm
0 BHYTPEHHUX feheKTax MAacTUH NS KaKAOW 3NeKTPOHHOW oTorpadmm TecTupyemon
NMacTMHbl NPOrpaMMHbIM 06pa3oM CTpousica Pypbe 06pa3 M300padkeHMs, pPacCcesstHHOro Ha
AeeKTax NasepHOro N3nyyeHus, KOTOPbIA CAY>XWU KpuTepreM AetheKTHOCTU NAACTUHbI.

55



Semiconductor Physics 1(01) 2019 Semiconductor
and Microelectronics Materials Science

PaccmoTpum Matematudeckre OCOOSHHOCTH 00pabOTKU IHUQPPOBBIX TOJOTPAMM.
Pacnipenenennie nHTeHCUBHOCTH /(X,))) B TUIOCKOCTHU 3aITUCH TOJIOTPAMMBI (X,)’) ONpeaeseTcs
KBaJpaTOM MOZYJSl CYMMbI KOMIUIEKCHBIX aMIuiuTyn oObekTHOH (O(x,y) u omopHoil R(x.y)
BOJTH, & UMEHHO

1(x,p) = |RCx,»)|* +[0(x, )| + R(x, )07 (x, ) + R (x,)O0(x, ) (1)

IMocnennue nBa wieHa ypasHeHus (1) comep:kar MH(OPMALIMIO, COOTBETCTBYIOIIYIO
amIiTy e u (aze OObEKTHOM BOJHBL

Jns  pexoHCTpyKUUH  (BOCCTaHOBJIIEHUs] M300pakeHus: 00bekTa) LU(PPOBOI
roJIOrpaMMBbl, TIpEACTaBIsOIEe coboil TpexMepHblli MaccuB maHHbIX AxBxD, roe AxB -
pasMep NMPUEMHOTO 3JIEMEHTAa B MUKCENax, a D - MHIEKC AUCKPETH3alMy JaHHBIX KaXXIOTO
nHKcesa (OpeneNsieTcsi BO3MOKHOCTSIMHI KOMITBIOTEpPA M IPUEMHOTO 3JIEMEHTA), MOXKET ObITh
UCIIOJIb30BaHa KOMIBIOTEPHAS CUMYJIALIUS CXOJSIIErocsl ONMOPHOTO MydKa, JIMOO CHMYJISLHS
JIMH3BL, pas3aersomei n3oopaxkeHus B (OKaIbHON IIOCKOCTU. B nmdpoBoii nHTEpIIpeTaLiiu
IUIST TOCTHIKEHHUST Pe3yJIbTaTa JOCTATOYHO MPUMEHHUTh AByMepHOoe Dypbe-npeodpa3oBaHue K
3aperUCTPHPOBAHHOMY MaccUBy. B nmaHHOM ciydae pasMep MaccHBa IO TOMEPEYHBIM
KOOpAMHATaM X,y paBeH AxB, ammuryna A(x,y) paBHa aMIUIUTYE 3aITUCH U300pasKEHHSL.

ITocne mpsimoro @ypre npeoOpasoBaHUs MACCHBA:

Fk,k,)= ﬁ T TA(x, yyexpl— ik, x + k,y) Jdxdy @)

nony4daerca Pypbe CHOEKTP TOJOrPaMMbl C YETBIPbMS JIOKAIU30BAHHBIMH CIIEKTPaMH

—o0 —o0

MPOCTPAHCTBEHHBIX YaCTOT, KOTOPBIE COOTBETCTBYIOT uieHaM ypasHeHus (1). Ilepseie nBa
YjieHa O0pa3yIOT HYJIEBOW MOPSIOK CIIEKTPa, KOTOPBIHA JIOKAIN30BaH B LIEHTPE ABYMEPHOU
@Dypbe iockocTu. TpeTuii 1 4eTBePThINA WieHbl ypaBHeHHs (2) 00pa3yIoT ABa COMpPSIKEHHBIX
CIIEKTPa, JIOKAJIM30BAHHBIX CHMMETPHUYHO OTHOCHUTENBHO ILIEHTPAa U COOTBETCTBYIOT
KOMILJIEKCHOH aMIUINTyAe OOBEKTHON BOJIHBL.

Takum oOpaszom, ocymecTBieHHe mnpsiMoro mnpeobpasosanusi @Pypre MO3BOJSIET
BBIIEJISITh HAa TIOJYYEHHOM MPOCTPAHCTBEHHOM CIEKTpe HauboJiee MHPOPMATUBHYIO 00IacTh.
[Tocne BeimeneHus (OTHUIBTPOBLIBAHKS) OMHOW M3 OOJACTEH JIOKAJM30BAHHOTO CIEKTpa U
UCTIONIB30BaHMst 00paTHOro @ypbe mpeodpa3oBaHMs

A (x,y) = T TF(kx,ky)exp(l'(kxx +k,y) )k dk, 3)

Zeo—oo
MOJKHO TIOJIYYHUTh pachpeneieHne KOMIDIEKCHONU aMIniuTyabl Aqx,)). [IpoBoas ananms 3Toi
KOMITJIEKCHOH AaMIUIMTYIbl, MOJKHO BOCCTAHOBUTH (ha30BbIi (POHT OOBEKTHOH BOJHBI
(peanmpHBI WM CONPSDKEHHBIA B 3aBHCUMOCTH OT BbIOpaHHOW obnmactu ¢uibsrpanuu) B
TUIOCKOCTH M300pakeHus OObeKTa!

Im[4,(x,y,2)]
Re[Af (X, y: Zz')]

30€Cb  Z, 0603HaqaeT, 49TO (1)21321 ONnpeacisICTCA Ha OINPEACICHHOM pPACCTOAHHUU OT

1

@(x,y,z,) = arclg 4)

roJOrpaMMBL
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Taknm 06pa3om, NpPUMeHsist NpsAMoe U obpaTHoe dypbe npeobpa3oBaHue, Hapsdy C
(hmnbTpauueld NPOCTPAHCTBEHHbIX 4acTOT BO3MOXHO OMpejesieHVe pacripefeneHns (a3 B
3ajJaHHOM M/I0CKOCTMW.

Ha pwuc.2 npeactaBneHbl n3obpaxeHns dypbe 06pa3oB ABYX KPEMHMEBbLIX MAaCTVH.
TonwuHa fJaHHbIX nnactuH coctaBnsana 0,5 Mm. MnactuHa, Pypbe o06pa3  KoTopoW
npeAcTaB/ieH Ha puc.2. a, Oblna NonmpoBaHa ¢ O4HOW CTOPOHbI, TOrja Kak apyras njactuHa
6bln1a NoIMpoBaHa ¢ 4ByX CTOPOH (puc.2,6).

Puc.2. dypbe 06pasbl n306pa>keHnin AN AByX KPEMHUEBBIX MNacTWH

TakvM 06pa3oM, NpPOBefieHHble WCC/MEA0BaHMA MOKasa/v  MepcrneKTUBHOCTb
MCNONb30BaHNSI Pa3BUTON MeTOAUKN aHanm3a dypbe 06pa3oB MHTPOrpaMm ANst ANarHoCTUKM
KPeMHMWEBbLIX NAACTUH.

NnTepaTypa
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Introscopy is a non-destructive study of the internal structure of an opaque object and the
processes taking place in it using sound waves, electromagnetic radiation, a constant and
alternating electromagnetic field, or fluxes of elementary particles. Recently, for the
development of the photonics elemental base, the development of non-destructive diagnostics
and control methods at all technological stages has become more and more relevant: control of
raw materials, semi-finished products and finished products, as well as analysis of the causes
of failures that arise during testing and operation.

Compared to electron probe methods, optical diagnostics in the infrared range make it
possible to visualize volumetric electrically neutral defects, such as oxygen and metal
precipitates, stacking faults, dislocation, slip lines and voids defects in silicon wafers, gallium
arsenide, germanium, and products based on them, and also visualize the various microfields
existing in them. The significant penetration depth of infrared radiation in semiconductor
materials, combined with the registration of response signals of various physical nature, allows
for the comprehensive diagnosis of microelectronic products and materials using computer and
apparatus tomography. Thus, for visualization and analysis of the structure of optical materials
and photonics products, the task of creating multifunctional equipment and diagnostic
technology, examining the physical features of contrast formation of images of electrically
neutral defects and elements in semiconductor crystals, and applying the obtained results to
solving scientific and practical problems is of great importance.

The developed scheme of the introscope is shown in Figure 1. The scheme consists of 2
channels of laser radiation that are formed on the dividing wedge 2. A reference beam is formed
in the radiation channel reflected from wedge 2, and an object beam is formed in the radiation
channel transmitted through the wedge. In full, the circuit operates as a holographic system with
different magnifications up to the magnification of the microscope. In the mode of shooting
Fresnel holograms, the circuit makes it possible to layer by layer restore the image of micro-
objects inside semiconductor wafers. During the development of digital holographic image
recovery software, the circuit can work as a microscope - introscope.

Silicon wafers differing in thickness and degree of surface polishing were chosen as the
objects under study. Studies have shown that the internal point defects of the plate play the role
of microlenses and create point images. A Fourier image of the image scattered by the laser
radiation defects was constructed using the program. It allowed to obtain more complete
information about the internal defects of the wafers, for each electronic photograph of the tested
wafer. It served as a criterion for the defectiveness of the wafer.

Consider the mathematical features of processing digital holograms. The intensity
distribution 1 (x, y) in the recording plane of the hologram (x, y) is determined by the squared
modulus of the sum of the complex amplitudes of the object O (X, y) and the reference R (X, y)
waves, namely

I (Xy)=R(x,y f +|O(x,y \2+R(x,y)O*(X,y) +R*(X,y)O(X,y) (1)
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1-laser, 2.6 -optical wedge, 3.5-mirror, 4.8-lens, 7-chamber, 9-silicon plate
Fig. 1. The optical scheme ofthe introscope

The last two terms of equation (1) contain information corresponding to the amplitude
and phase of the object wave.

Computer simulations of a converging reference beam, or a simulation of a lens
separating images in the focal plane, should be used for reconstruction (restoration of the image
of an object) of a digital hologram, which is athree-dimensional data array AxBxD, where AxB
is the size of the receiving element in pixels and D is the data sampling index of each pixel
(determined by the capabilities of the computer and the receiving element). In the digital
interpretation, to achieve the result, it is enough to apply the two-dimensional Fourier transform
to the registered array. In this case, the size of the array along the transverse coordinates x, y is
equal to AxB, the amplitude A (x, y) is equal to the amplitude of the image recording.

After the direct Fourier transform of the array:

1

F (kx,ky) (2102 J JA(X,y)exp(- i(kxx + kyy))dxdy (2

it turns out the Fourier spectrum of the hologram with four localized spectra of spatial
frequencies that correspond to the terms of equation (1). The first two terms form the zeroth
order of the spectrum, which is localized in the center of the two-dimensional Fourier plane.
The third and fourth terms of equation (2) form two conjugate spectra localized symmetrically
with respect to the center and correspond to the complex amplitude of the object wave.

Thus, the implementation of the direct Fourier transform makes it possible to single out
the most informative region on the resulting spatial spectrum. After isolating (filtering) one of
the regions of the localized spectrum and using the inverse Fourier transform:

D
Af(x,y) = vJ vJF(kx,ky)exp(i(kxx + kyy))dkxdky (3)

we can obtain the distribution of the complex amplitude Af (x, y). By analyzing this complex
amplitude, you can restore the phase front of the object wave (real or conjugate depending on
the selected filtering area) in the image plane of the object:



Im[Af (x v, Zj)]
(p(x,y, zt) = arctg (4)
Re[Af (X ¥Y,z,)]
here Z means that the phase is determined at a certain distance from the hologram.
Thus, using the direct and inverse Fourier transform, along with filtering the spatial
frequencies, it is possible to determine the phase distribution in a given plane.
Figure 2 shows the Fourier images of the images of two silicon wafers. The thickness
of these plates was 0.5 mm. The plate, the Fourier image of which is shown in Fig. 2. a, was
polished on one side, while the other plate was polished on both sides (Fig. 2, b).

Fig. 2. Fourier image imagesfor two silicon wafers

Thus, the conducted studies have shown the promise of using the developed method
of Fourier analysis of introgram images for the diagnosis of silicon wafers.



