Qu3uKa peasibHO20 Kpucmarsisna

1. BeoOHas nekuusi

e
152
<5<
2 { T;,% [pogheccop Bb.N.Ocmposckul
=0 =4
342
‘} & I N ostr@cea.ru
Sdri
<’ I /¥ .



Llernb Kypca

ulydeHue cmpykmypbl U ceolcme Kpucmarssios, cooepxxauux
pasniu4yHo20 poda 0epeKkmal;

mepMoOUHaMuKa moYeyHbIX 0echeKkmos, ux erusiHue Ha
ornmuyeckue u ouariekmpuyeckue ceolcmea Kpucmarios,
JIUHeUHbIe 0egheKkmabl - ducriokayuu, muribl ducsiokayuu 8
Kpucmarnax,o0ucriokauluoHHbIe peaKuuu,

Harps»XeHus, co3dasaemMble ducriokauusiMu 8 Kpucmarinax,
3Hepaus oucsiokauuu, e3aumooelcmeue oucriokayuu opya
c Opy2oM U ¢ moYe4YHbIMU deghekmamu;

osuxxeHue oucriokayud, rinacmuyeckas oeghopmauyus 8
Kpucmarinax, pa3MHoXXeHue oucriokayuu, akmugayUuoHHbIe
bapbepbl U cMOropkl, MPOYHOCMb KpUCMAaIIos,;

OCHOBbI COBPEMEHHbIX Memo0o8 uccriedoeaHus U
KOHMpOIis 0eghekmos 8 Kpucmarinax.



Kpucmarnnu4deckue pewemku

» crystallus, lat. quartz
» Long-range order, infinite periodic arrangement of atoms (ideal crystal)
» Translation symmetry:
T = n,a + n,b + n,c, operation which transforms an arbitrary lattice point into another

> a, b, ¢ lattice vectors; the shortest ones: primitive lattice vectors
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HINIANLN TaHensuuoHHas uHeapuaHmMHoOCMb pewemku
/ ; WAYZAN "..;'/
AN HanbHuli mopsidok

Different choices of a primitive unit cell
in the Bravais lattice

[WeiBmantel, Haman [989]
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Kpucmannu4deckas cmpykmypa = pewemka + b6asuc

ba3nc —oanH nnn HECKOSTIbKO aTOMOB UK MOJ1EeKyJ1a

(c)

(a) A two-dimensional (2D) crystal consisting of two types of
atoms (white and gray). (b) The 2D lattice is specified by two
repeat vectors a and b. (c) The basis contains three atoms.



TpbaHcnayuoHHasa cuMmmempus

 Lattice: infinite array of points in space; all points have
identical surroundings

» Crystal structure: Associate each lattice point with one or
more atoms



Kpucmarnnu4deckue pewemku

CuBIC

a=b=c
o=p=y=90°

TETRAGONAL
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o=p=y=90°
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o B ey e90° —> 14 Bravais Lattices




Ces3u 8 amomMax u MoseKyrax

lonic bonds

NaCl

Covalent bonds
H-C=C-H
H H

Metallic Bonds

See HB notes

Van der Waals bond

NZ—NZ

Coloumb interaction between oppositely
charged ions

Shared valence electrons
(strength depends on distance)

Delocalised electrons spreading over the
entire crystal

Dipole-dipole attraction
(fluctuating dipoles,

1/1000 strength of covalent bonds)



MexxamoMHbie (MeXXMONeKYrspHbIe) curlbl

weak
van der Waals < 4x10* J/mol
Metallic [-8.3x105 J/mol
Covalent 5.2x10°—=1.3x10¢ J/mol
lonic 6.3x10°=1.5x10¢ J/mol

strong

OueHku 3Hepaull e3aumodeticmeusi (e CI'C):

VIOHHbIE KpUCTansbl - 3NeKTpocTaTnyeckas aHeprs B3anMoaencTeuns
3apsiaoB Ha paccTosHun 2 A=2.108 cm (NaCl - 2.8 A)

E=e%r=(4810"%2.108~10"opr=~698 (18~ 1.6 1072 apr)

MeTannuyeckas cBs3b - 3HEPrusi ANeKTPOHa, 3aKITIOYEHHOIO B « ALK
co ctopoHomn a = 2A (k = 11/a, BOSITHOBOE 4MCIO )

E = E_=p%/2m = h*k?/2m = (10%7)210/ (2.10)?2 10" =
=~ 10" apr=6 9B



Tabauna koncranTt, nepesoa exunun CU B CI'C, cumBo.IbI
COOTHOIIEHHH

Asoraapo noctosuuas: Na = 6,022 x 10% mons™'.

Boabumana noctosHHas: kg = 1,381 x 10723 [k - K™ = 1,381 x

x 107'%5pr - rpan~".

JnemenTapHbiii 3apaa: ¢ = 1,602 x 1071 K = 4,803 x 1071 CIren.
Maanka noctosinnas: h = 6,626 x 10724 Jx - ¢ = 6,626 x 1027 7pr - c.

JneKTpHYecKas NOCToAHHAN: &g = 8,854 x 1072 Kn? - Jlx—'J -m~! =
=1 em: CI'E3;

15B = 1,602 x 107" opr = 1,602 x 107" Ji.

1ksT = 4,12 x 10~ 5pr = 4,12 x 10~ ik ~ —>B npu T = 298 K.
40

1 kan = 4, 1868 JTx.

1 = 23.042 kxan/monn = 96, 472 k/x/Mob.

1 Jlx = 1079pr = 0, 2388 kan = 6.242 x 10'® 5B,
Onekrpuueckuii 3apsa: 1 en. CICH = 3.336 x 107 '° Ka.
1 = 10"° H.

1 mw/em = 1opriem® = 1 MH/M = 1 mJTx/m.

DNEKTPUYECCKHUI JUTNONbHBIH MoMeHT: J1 = nebaii:
11=10""% ea. CI'CD x cm = 3,336 x 1072° Ka x cm.

Jlanenwue, nanpstxenue: Ila = nackann
1Ila = 1 H/m? = 10 aun/cm?.



Legdekmbi pewemku

UdeanbHbIU Kpucmasisi - ©HECKOHEeYHbIN KpUcTanm, atToMbl B NOKOeE,
XUMMNYECKN YNCTbIN

CoeepuweHHbIU Kpucmarsisi - TennoBble KorebaHust peLleTkn (POoHOHbI),
9NIEKTPOHHbIE BO3OYXXOEHUSA, KBA3NYaCTULLbI:
9KCUTOHbI, MNOMAPOHbI, MarHOHbI U T.4.;
BHYTPEHHME nosnsa u gedoopmaunm

HecoeepuweHHbIU (peasibHbIU)
Kpucmarnn - MOBEPXHOCTU, AedEKTbI pas3finyHomn
pasMepHOCTU ( OT HyNeBOW 40 TPEXMEPHON)

Leekmbl 8 Kpucmarnax - ycmoudueble HapyweHUs rnpasusibHo20
pacriofioXKeHusi amomoe8 UJlu UOHO8 8 y3r1ax Kpucmalsiudeckou peuwemeku



Knaccugukayuss 0eghekmos ro ux pasmepHocmu

Knaccugukauuro deghekmos pewemku y0obHO rnpoeodumse o 4ucmo
2eoMempu4yecKkoMy rnpusHaky - rno 4Yucsry usmepeHul, 8 KomophbIxX

HapyweHUs coeepWlieHHOS0 CMPOEeHUA Kpucmariria ripocmuparomcs
Ha MaKpOCKoriud4eckue pacCmosdHUA.

Hynpmepusie (Toueunsie) feeKTH — BAKAHTHBIE Y3JIbl PeMeTKH, aTOMH
B MEKIOV3IMAX, aTOMBI B y3JIaX «9y;Koil» ImojpemeTKH, IPAMeCHbBIe aTOMBI B Pas-
JUIHBIX TOTOKeHUAX U T. 1.

OnroMepubie (nmuHeiinbe) HefeRTH — IeI0YKM TOYeUHHIX JedeKToB, a TaKKe
numesoRanuu — crnernuduueckue gedeRTH, HapyIMaoI(re IpaBHIbHOE dYepenoBa-
HUe aTOMHBIX TIIOCKOCTEN.

JIsyxmeprsie (IOBEPXHOCTHBIE) [de(PeKTH — IMOBEPXHOCTH KpuUcTadia, Je-
PEeKRTH YIAKOBKU — HWENPAaBUIBHO YIOKEHHBIE CJIOW aTOMOB, TPaHMIBl 0JOKOB,
3epeH, ABOMHUKOB, JJOMEHOB H T. JI.

Tpexmepusie (oGbemubie) nedeKTs — MOPHI, BRIIYEHNUs, BHeTeHnds U APy~
THe MaKpOoCKomWIecKme oOpa3oBaHUA.

(%]



BnusHue deghekmoe Ha ceolicmea Kpucmarssios

[edekTbl onpenensitoT MHOrme CBOMCTBa MaTepuarnoB - makK Ha3bleaeMble,
CMpPyKmMypHoO 4yecmeumeJsibHble ceolicmea. B 4aCTHOCTU, K HUM OTHOCSATCS
NpPOBOAMMOCTbL MOSTYNPOBOAHMKOB U MOHHbIX KpucTannos. MHorne nagenus
COBPEMEHHOMN TEXHOMOIMNKM 3aBUCAT OT yCnoBuin anddysnm B TBEPAOM COCTOAHUN, W,
crepoBaTteribHO, OT KOHLIEeHTpauum

TOYEYHbIX JedOEeKTOB.

Leekmbl usparom 8axKHYH POJib, HArnpumep, 8 craedyrouluX npuUioXeHUsX:

Residual resistivity, conductivity in semiconductors, diffusion of impurity
atoms, most mechanical properties around plastic deformation, optical and
optoelectronic properties;

Crystal growth, recrystallization, phase changes.

Corrosion - a particularly badly understood part of defect science.

Reliability of products, lifetimes of minority carriers in semiconductors, and
lifetime of products (e.g. chips).

Think of electromigration, cracks in steel, hydrogen embrittlement.

Properties of quantum systems (superconductors, quantum Hall effect)

Evolution of life (defects in DNA "crystals")



3HavyumeribHas Yacmae MUPOBOU MEXHO/I02UU c8si3aHa C
MaHunynauusamu odegpekmamu. CroO0a OmHOCSMCS 8Csl
UHOycmpusi, cesi3aHHasi ¢ KO8KOU, WimamrnosKkou memarisos,
8KITH04ast ripou3soodcmaeo asmomoburiel, 800PyXeHud,

a makxxe riosnyrnpoeoOHUKO8as! rpoMbIULIIEHHOCMb

u MHo20oe Opyaoe.




[lonyrnpoeoOHUKOBas cemepocmpykmypa - LED

p** cap (500 A) )

p-GaN (1000 A) Ni/Au cortact TUATI/AY
p-AlGaN (300 A) contact I
InGaN/GaN MOW ——

n-GaN (2000 A)

tunnel junction /
p-GaN (1000 A) \
p-AlGaN (300A)

InGaN/GaN MQW
©) Ti/A/TVAU

Hcnonb3osaHue
UOHHOU uMrnnaHmauyuu
(KoHmMporsb dughpysuul)

Schematic (top) of the three-terminal blue-green (470/535 nm) LED
structure, and plan view image (bottom) of the processed device.



ToyeyHblie 0ehekmbl: 8aKkaHcUU U
MEXY3€l/IbHbIe amoMb|

2.1. Bakancnn n MeRysenbHble aToMbl. Barkancuu, T. €. He3aHATHIC Y3JIbI PEIIeTKH,
I MeNCY3eAbHble AMoMbl, T. €. aTOMBI, BHEJPEHHBIE B MEKIOY3/UA, ABJIAIOTCA JIe-
PeKTaMI-aHTUIOMAMI: ARHUTHIANNAA BAKAHCHM W MeKY3€JIBHOTO aToMa BOCCTA-
HABJIMBAET IPABMIBHOCTH KPUCTAJIIWIECKON peImeTku. JHEPrus oOpa3oBaHUA
BaKaHCHUM ompeJesisieTcss paboToil Mo mepeHocy aToMa W3 y37a PeMeTKH Ha TMoBepX-
HOCTH KpHCTaJJia W OKa3HBAeTCA OOBYHO MOPAMKA DIEKTPOHBOJBTA. JHEPTHA
ofpaBoBanms MeKy3eJbHOTO aToma ompefexseTcss paboToil mo IepeHoCY aToMma

¢ IIOBEPXHOCTU KPpHUCTAJITIa B MQ?HI[OYE!HHGEI’I JoCTUraeT HECKOJNBKHUX 3BJIeKTPOH-
BOJ1bT



BakaHcuu

Legpekm LLlommku Legekm OpeHkerns
(DpeHkernesckas napa)

* note: relaxation of lattice at vacancy
* vacancies: - dominating defect at high temperature
- most important (primary) irradiation defect
- generated during plastic deformation (but often not stable)

* in compounds and intermetallic phases: two different types of vacancies with
different properties

RKR 2001- Structure of imperfect solids - Point defects



Tempaaopuyeckue u okmasdpu4ecKkue
rycmomasl 8 2paHelyeHmpupo8aHHOM
Kybu4yecKkoM Kpucmarise




Mexxy3erbHble amoMbl 8 06bEMHOUEHMPUPOBAHHOM
Kybu4eckoMm Kpucmarine

(a) (b) (c)
a) and b) interstitial in octahedral and tetrahedral position in a bce crystal
(bce... body centered cubic)
¢) interstitial as dumbbell (deutsch: Hantel)

* interstitial atoms are often small (e.g. B, C, N, O in metals)

« often built-in in octahedral position (C in Fe): lattice distortion leads to
increased hardness

* H is always built-in as interstitial
RKR 2001- Structure of imperfect solids - Point defects 8



TepmooOuHamuka obpa3zoeaHUs MoYeYHbIX
oegheKkmos

Bo3MoRHOCTh CyIecTBoBaHUS Je(PeKTOB €O CTOHb BHICOKOH .mepmen B yc-
JOBUAX TEPMOIMHAMUYCCKOTO paBHOBeCUS OOBACHACTCA TEM, 4TO oOpasoBanue
Togeunblx neeKToB HAMHOTO NOBbIIIAeT aHTpomuio Kpucraija. l13 mpueraina,
coiep/Ramero N OfMHAKOBLIX aTOMOB, MOYRHO YHAJHUTh 72 aTOMOB

B . N!

T T

pasnuunbeiMu  cuocobamu. llo dopmyse boapnmana coOTBETCTBYIOMee IPUpa-
menne KoH(QUIyparMoOHHOM DHTPONUH DABHO

o s N!
o= fln nl (N —n)l ~ M

Ecan sueprus obpasoBaHHA OIHOTO nederra pasna £, 1o ob6pasosanue n gedex-
T0B Npu Temmepatype I u3MeHsAeT CBOOOAHYIO 9HEPTHIO KpHCTAjJa Ha

AF = nE — TAS. (2)




PasHogsecHasi KOHUeHmpauus mo4yeyHbix
oegheKkmos

c=n/N=e ¥
kT

Jlus Mepu, HAOPEMep, SHEPIHA 00pa3oBaHUA BaAKAHCHH COCTaBlAeT 0Koio 1 0B,
a Me/RYBeJBHOI0 aToMa — 3.4 9B. Llo dopmyie (3) KoHIeHTpanus BaKaHCUI HpH
temneparype miasierus (7T = 1356° K) momskma mocturats 2-107%, a mesm-
V3eJbHBIX aToMOB — Bcero 2-10713.

-10
k, T=1.4 1076 3pr/K 1200 K =1.6 103 3pr = 10" 38 —_— €



[lpbumecHbIe COCMOSHUSA

* important defect in semiconductors (but also in metals, remember C in Fe)

* intentionally used as dopants for the generation of carriers in high-resistive material
(Si, GaAs)

* important acceptors: B in Si: Zn C in GaAs
* important donors: P and As in Si Te, Siin GaAs

w‘// 7 conduction band conduction band
e POOLS ASOM4S SHOPIS ' CXS, S8 i,
Si S TCICIor Joror =
s'018 [F
donor lavel
MR"0.53
————————— Zn 055 il it Fe 055 = == =AU 054 == £
Cu 0,49
Fa""040 —
Zn 031 AUTD35 / A S //////,;/
3 28 ~» valence band /
S ol Tena AP PPl Y,
- a2 AITGOST
w, |B10.045 _
R valence band N X effect of a donor dopant

dopant levels in Si
RKR 2001- Structure of imperfect solids - Point defects
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\AAAsas

Arsenic doped Si crystal. The four valence electrons of As allow it to
bond just like Si but the fifth electron 1s left orbiting the As site. The
energy required to release to free fifth-electron into the CB is very
small.




OKPACKA KPUCTAJOB

Kpucranab, KOTOpble MOXKHO OTHECTH K KaacCy AHIICKTPHKOB,
npu KOMHaATHOW Temnepatype oOblunOo npo3dpaynbl. [lracrunxka ta-
KOro MOHOKPHCTAJJa TOJNUHHOM nopsaaka 1 cMm Kaxercs npospaytoi
Ha IJ1a3, 0AHAKO JHWbL B PEAKHX CJAyuanx ee Npo3pauHocTh ONN3Ka
K npo3pauHocTH crekgaa. IlpospauHocTb KpucTaaaos 0OyCJOBJIH-
BAeTCsl OTCYTCTBHEM B HHX CHJIbHBIX 3JIEKTPOHHLIX HJIH KoJebaTedb-
HbiX Nepexoj0B B BHAMMOH 00J1aCTH CHEKTPa 3JEKTPOMarHHTHBIX
BoJH OT 7400 10 3600 A, 4TO COOTBETCTBYET HHTEpPBAJy HEPruii or
1,7 no 3,5 3B. PaccMoTpHM KOPOTKO NMPOHCXOKAEHHe OKPacKH, KO-
TOopasi NPHCYUla HEKOTOPHIM THHNHYHLIM MPEeACTaBHTEASAM TBEPABIX
TeJ. 3aMeTHM INONMYTHO, YTO eCJH MOrJolleHHe CBera TBepAbIM Te-
JIOM HEBEJHKO, TO OKpacKa, KOTOPYIO HUMeeT MOpPOLIOK, COCTOSILIHMA
H3 MEJNKHX KPHCTAaJJOB, 1EJHKOM O0ycCJ/OBJeHAa paccesHHbIM B HEM
CRATOAM



LEHTPbI OKPACKH

YueTble e 0uHO-raqonAHbIe KPHCTan ALl NPO3PauHbl B BIANMOI
ob6aacth cnekrtpa. Oxpacka KpHcTaaga MoXKeT OLITb Bhi3BaHa He-
CKOJILKHMH croco0aMu:

a) BBEAECHHCM XHMHYECKIHX MPHMCCeil,;

5) BBeAeHHeM H3OLITOUHOrNO MO CPaBHCHHIO CO CTCXHOMETpHuUe-
(KIiM COCTaBOM KOJHYeCTBAa WOHOB MeTaidna (MOMKHO HarpeTb KpH-
CT4JJ B Mapax IeJOouHOro MeTaJdajga H 3areM OLICTPO €ro oxJa-
AuTh, — Kpuctaaa NaCl, narpesaemoiit B nmapax Na, CcTaHOBHTCH
Kenteim; Kpucraaa KCI, warpesacmbiii 8 mapax K, cranosutcs
KPacHbiM);

B) OOJNYHCHHCM PEHTFCHOBCKHMH M y-jayuamu, GoMOapaipoBkoil
HeIITPDOHAMH H 371eKTpOHAMH,

r) 3JCKTPOJIH30OM.

enrpom okpacku naspiBaeTcst AedekT KPHCTAMIHYECKOiT pe-
WeTKH, KOTOPHIH noraowaer BHaAHMbIT cBer. OObIuHasi BAKa!CHS He
NPHBOAUT K OKPALUKBAHHIO IILEJOYHO-raJOHJHOIO0 KPHCTAAad, XOTd
H BJAHSIeT Ha MOrJOUICHHE B yabTpaguoiaetroneii o0iaacTH cleKTpa.



LleHmpbI OKpacku

+ alkali halogenides (NaCl, KCl, ...) are clear and transparent
* coloring is obtained by point defects: color centers
* possible defects: chemical impurities, excess metallic ions (e.g. Na™ in NaCl)., and

Wellenlange in A .
4000 _6000 4000 6000 4000 _6000 4000 6000 awoo eooe  so-called F-bands: optical

| absorption as function of wave
{ length; a part of optical
o spectrum is cut, so the crystal
appears colored
a 3 2

Energie in eV

* the simple anion vacancy with a bound electron is the
F-center (absorption in UV region)

+ absorption: electric dipole transition to a bound exited
state of the defect

* missing anion acts as positive charge and binds a
valence electron (which was delocalized before)

RKR 2001- Structure of imperfect solids - Point defects




JluHeUHbIe Oeghekmbl: ducrioKkauuu

Jlam. dislocatio - cmeweHue, nepemew,eHue



[lnacmu4eckas degbopmauus Kpucmarssios

» Existence of dislocations as line defects deduced as early as in the 1930ies
(Orowan, Polanyi, Taylor independently in 1934)

» Important contributions 1930-50 by Dehlinger, Seitz, Burgers, Cottrell, Frank, ...
» Strong evidence for dislocations: comparison of theoretical and experimental
shear stress (Frenkel)

Periodic shearing force to move the — _____ Stress
3 ﬁ
top atomic row: a
. 2w
T(.l') = A S _b X X

b

[na manbix caBUroBbix gedopmMaumii, € = x/a, cnpaBennme

sakor Nyka: T = GE€ = GX/a. Mpu atom T(X) = A2TTX/D

Max. 7 is thcoretica{! critical shear stress: Experimentally:
G
“oxa ie A= QG/21 10*t010° G

hsl 2005 — Defects in crystals — 3.1 Dislocation topology . 2



LuHamu4deckuu oegpopmalUoHHbIU 3KCepuMeHm
- pacmsxeHue obpa3sua ¢ nNocmossHHoU CKOpOCMbIo

Load cell

% l Movable —
U cross head Q



Luazpamma HaripsxeHue - oeghopmauusi

AL 1 .
lh by
F

o= —
Ap

OnipederieHue ropoea
meky4decmu

Plot of the applied stress versus the strain or elongation



Turnibl Qucriokauuu:

KpaeBble gucnokauum - Edge Dislocation:
A portion of an extra plane of atoms

BuHTOBbLIE AMCNOKaUunn - Screw Dislocation:
Helical atomic displacement around a
line extending through the crystal

CMellaHHble gncnokauumn - Mixed Dislocation:
Some edge, some screw nature



[eomempus oucriokayuu

Co30aHue Haripsi>keHH020 COCMOSIHUS 8 Mecme 8HeOpPEHUS
dornonHuUmesibHouU rnosyniiocKkocmu

hsl 2005 — Defects in crystals — 3.1 Dislocation topology



Kpaesas ducriokayus

Cnabesle, yripyaue

fd o
S Ucka)xeHusi udearbHou
pewemeku - «xopouwut
A Mamepuan»
N, A
-
..... 2 S N/ d

A0po oducrniokauuu (??)
- CUJIbHbIE UCKa>KeHUAd pewemku



Schiites

hsl 2005 — Defects in crystals — 3.1 Dislocation topology



Konmyp bropzaepca




Annihilation of dislocations
with opposite Burgers vectors

b,

hsl 2005 — Defects in crystals — 3.1 Dislocation topology

b, +b,=0

w600 13



BuHmoeasi oucriokauusi

b1

:
5 O O L A I Ly

T
I,
D

Burgers vector, b

Dislocation lins

Fa

Y

i

CniuparibHbIU pocm Kpucmariios
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-
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Growth spirals

Decoration of a spiral monoatomic
step on a KBr surface by evaporation
of Ag. The growth spiral is caused by

the presence of a screw dislocation.
| Bethge er al. 1987]



JlsuxxeHue oucriokauyuu s1ersiemcs
OCHOBHbIM MexaHU3MOM riyiacmu4eckKou
oegbopmayuu Kpucmariios

UCKJ/TIOYEHUS: HUMe8UOHbIe Kpucmarisbl, ya2riepo0Hble HaHOmMpybKu




» Dislocations make slip 1000 times easier, which is why metals
deform easily

« Slip of atom planes over each other due to deformation occurs one

atom row at a time, analogous to caterpillar motion or moving a pile
of bricks one at a time

-~
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Dislocation concept

[E. Weber]

PacrnpocmpaHeHue 0OUHOYHOU
80JTHbI - COMTUMOH

hsl 2005 — Defects in crystals — 3.1 Dislocation topology E AR “ o



Vicmopu4yeckul 3KCKypcC

Bbirinaeka u koeka memarsisios

;‘7 The smelting and forging of metals marks the beginning of civilization - the art of working metals was for
© thousands of vears the major "high tech” industry of our ancestors.
Trial and error over this period of time lead to an astonishing degree of perfection. as can be seen all
around us and in many museums. In the state museum of Schleswig-Holstein in Schleswig. you may
admire the damascene blades of our Viking ancestors.

Two Kkinds of iron or steel were welded together and forged into a sword in an extremely complicated
wav: the process took several weeks of an expert smith's time. All this toil was necessary if you wanted
a sword with better properties than those of the ingredients. The damascene technology. shrouded in
mystery. was needed because the vikings didn't know a thing about defects in crystals - exactly like the
Romans, Greek. Japanese (india) Indians. and everbody else in those times.
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Mey kamaHa

AnoHus,
nepuod 300, 1676

Macmep LlyOa
Cykaxupo,

Cmarb, KosKa

LnuHa KnuHKa
97.5¢cm

Ky3He4yHoe 0ersio, rno cymu - UCKyccmeo MaHurynayuu rniomy{ocmsro ducriokauud, U,
umo Oaxxe boree 8axKHO, yMeHUE 8/1USIMb Ha CKOPOCMb UX O8UXEHUS 0 pewemkKe.



“ U3obpeTeHune “ gucnokauum

’ Exactly wiy metals could be plastically deformed. and why the plastic deformation properties could be
changed to a very large degree by forging (and magic?) without changing the chemical composition. was a
mystery for thousands of vears.

No explanation was offered before 1934, when Taylor. Orowan and Polyani discovered (or invented?)

independently the dislocation.

TEM - 1949 ()

transmission electron microscopy

(a) TEM picture of dislocation
structure in single crystal BCC
molybdenum deformed at
temperature 278K.

(b) Dislocations formed bundles
(braids) in single crystal copper
deformed at 77K.




Luazpamma HaripsxeHue - oeghopmauusi
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Plot of the applied stress versus the strain or elongation



[1lnockocmu CKOJMbXXeHUS 8 Kpucmariax

* Three common crystal structures in metals:

— Face centered cubic (fcc): ABCABC... packing: Ni, Cu, Ag,
Al, Au

— Hexagonal close packed (hcp): ABABAB ... packing: Mg, Zn,
Co, Ti
— Body centered cubic (bec): Fe, Cr, W, Ta, Mo
» Easy for close packed planes to slide over each other: slip

planes (plays an important role in determining
deformation & strength)

shea




IKcrepuMeHm Ha pacmsi>keHue

(CCCCTCC Y o

Macroscopic effects of dislocation motion in single crystalline
metals plastically deformed in a tensile test

[Kleber 1990]
[1r1ocKOCMU CKOJIbXXKEHUS



A silicon ingot is a single
crystal of Si. Within the bulk of
the crystal, the atoms are
arranged on a well-defined
periodical lattice. The crystal
structure is that of diamond.

[lnromHocmb oucriokauuu
=~ 10° cM™?

Typical numbers in well annealed metals 10° to 108 cm™,
in semiconductors 10 to 10° cm 2.

After plastic deformation 10'>cm 2 and above




YenepoOoHble HaHOMpybKu — udearibHbIU Kpucmarn?
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Freestuff



AFM Super Sharp
Diamond-like Carbon Tlps

Super sharp diamond-like carbon (DLC) tips* with typical curvature radius Inm are
extremely useful for obtaining high resolution on objects with sizes of several
nanometers. DLC tips have very long lifetime due to the high material durability.

To guarantee 20 nm working length of DLC tips TEM is used. 10% from total number of
probes in the batch are selected for testing. At least 80% of those probes should have the
only DLC tip which length is exceeded by 20nm others DLC tips on the same probe. In
this case the whole batch is considered as passed the TEM test.

DLC tip specification:

i1 Whiskers — ycbl (HUMesuOHble Kpucmarbi)
vI\’Ar(()){)kc}I;irlieeI;gft:rgroxzvizr?; inNSGOI, NSG10**



HabrooeHue oucriokauuu



Puoc. 3. ITonA yApyrax Hanpssykenmf DOKPYD KpacRRIX OUCITOKalMA
B EDPHEeT4 e Si, DBHBJIeNBENe 1Mo HabawieHuw QoToynpyrocru,
SO HE INCOORAITHE HCPNOHAREYNRPpHE WOCROCTH pPHCYHEA.



LucriokalUOHHbIE AMKU mpaesieHuUs

Formation of etch pits at the
intersection of dislocations with
the surface.

(a) The cylinder around an edge
dislocation represents the region
b with different chemical and

=8 physical properties.

(b) A conical pit forms due to
preferential removal of atoms
from the imperfect region.
Emergent site of a screw
dislocation. The pit forms due to
the chemical resolution as a
reverse process to crystal growth.

[Hull:93]



V3bupameribHoe mpasrieHue

o

initial ﬁpal '
dislocation dlslqpatuon
position position

(b)

Figure 2.4 Etch pits produced on a lithium fluoride crystal. The crystal has
been etched three times. The dislocation at 4 has not moved between each
etching treatment and a large pyramid-shaped pit has formed. The dislocation
revealed by the three pits B moved between etching treatments to the positions
indicated by the pits. Subsequent etching of a pit after the dislocation has moved
produces a flat bottom pit. (From Gilman and Johnston (1957), Dislocations and
Mechanical Properties of Crystals, p. 116, Wiley.)



LlekopuposaHue

Figure 2.5 A thin crystal of KCl examined in an optical microscope. Particles of
silver have precipitated on the dislocations, which are in the form of a network.
Only part of the network is in focus. (From Amelinckx, Acta Metall. 6, 34, 1958.)



Dislocation imaging in TEM

TEM - transmission electron
microscopy

ArneKmpoHHasi MUKPOCKOIMUSs
Ha rpoceem

For a samples slightly tilted out

(hkl) planes reflect (hkl) planes reflect of the Bragg position. only the
lattice planes bended near the
o000 00O dislocations fulfil the Bragg
G O G condition.

hsl 2005 — Defects in crystals — 3.1 Dislocation topology 23



TEM mmage of dislocations in silicon plastically deformed in a single-slip
orientation up to a strain of 2 %



(a) A TEM picture of dislocation structure in
pure single crystal BCC molybdenum
deformed at temperature 278K (courtesy of
L. L. Hsiung).

(b) Dislocations formed bundles (braids) in
single crystal copper deformed at77K

(c) Dislocation structure formed in single
crystal BCC molybdenum deformed

at temperature 500K (courtesy of L. L.
Hsiung). The dark regions contain a

high density of entangled dislocations lines
that can no longer be distinguished
individually.




Lupakuyus peHmaeHo8CKUX Jlydeu (351eKmpoHOs,
HeumpoOHO8) Ha rnepuoouYyecKkux cmpykmypax

2d sin® = nA

3akoH Byrnbga-bpazea

q = Kk’ - k - sekmop paccesiHus

q = G - zeomempuyeckoe ycriosue dughpakyuu;
G - sekmop obpamHoUl pewemku



PeHmeaeHosckasa mornozapausi

i ITneuka
L LA S LTSS A A AT S
‘

HUcTtounuk

Kpucrann

OcHOBHBIE METOJBI PEHTIEHOB - 6
CKoli Tomorpadmu

a — meron Bepra—Bappera;

6 — metron Jlanra

\ \ |, I1neHka
:

= S SN Hle,ru,

- A Y B,
HUcToynuk

i Kpucrann
Konnumarop



LleymepHbie 0eghbeKkmel



[lnomHas ynakoeka e Kpucmarsinax

...ABCABCABC... ...ABABAB...



Cmpykmypsbl ¢ NI0MHOU yriakoekou

" 51 i
C site A site

B plane

A plane

» Face centered cubic (fcc): ABCABC... packing: Ni, Cu, Ag, Al, Au
« Hexagonal close packed (hcp): ABABAB ... packing: Mg, Zn, Co, Ti

(FCC)



Legekmsbl yrnakosKu

B npeaanlinx KPHCTAMIAX BCC HJIOTHOYHAKOBAHHLIC
c10K (HA0CKOCTH) PAaCHOJOMEIM B CTPOroM HOpHIKe, O0-
pasysa Iepdoiud. HOCICLOBATCALHOCTH. OJAAKO B peasb-
ULKIX HKPHCTAJIIAX 9acTo (0coDemno Ep) AJacTET. gedopMa-
11 H, GazOBRX MePeXofAax UJH B ITPOIGCCE POCTA) BOSITHKATOT
OMHOKHE B PACTIONMKRENHHA CI08n, HANmp. BMECTO [Rocje-
nopatrenntocTH ABCABC... MOKeT 00pPA30OBATHEA DOCIAC-
A0BATCABHOCTE ABCHCABC..., 9ecs N3 HEPHOIHT.
CTPYKRTYPHL YAAXEEA 0OiAa M3 MIOCKOCTeH THMa A, Takou
nepext mas. . y. Bl unTa HHu A OfpaTHaiil cay4a,
KO[Za B IOCJHAEJOBATEJLIIOCTh IIOCKOCTCH RCTaBAgeTCA
JAHMUAR HAOCKOCTL, Haampaeress Jl. y. BHeipemnwua
(ABCAYC*BCABC...)) nan apouHuM [l. y. (MOmHO CcYl-
TATL, 9TC WHILATO JBe INIOCKOCTH). DB reKcaroHanpHoi
JABYXCJIOHIION VyNMaroBKe qpocToil . ¥. DHELIAIHT Kak
ABAtCAB..., ppoinon J1. v.— nak ABAtCtBCE...



Marnoyanoeas epaHuya 3epeH

“ Symmetrical tilt boundary
before and after elastic
= relaxation
— /
& f
= » Tilt axis || edge dislocations
13
] A [ » sin /2 = b/2h
,; ; » Short-range order only
Y = I] disturbed in the dislocation
5 cores
n
[ ]

hsl 2006 — Defects in crygtals - 5. Two-dimensional defects [Gleiter:81] Symmetrical tiltboundary 19



boundary

ks
: D= b/6
bl \ |
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—— grain 2

grain 1

pro——nry
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(b)

Figure 2.3 (a) A row of etch pits formed at the boundary between two
germanium crystals. The etch pits are uniformly spaced. (b) Diagrammatic
representation of the arrangement of dislocations in the boundary revealed by
the etch pits in (a). This is a symmetrical pure tilt boundary which consists of a
vertical array of edge dislocations with parallel Burgers vectors of the same sign.
(After Vogel, Pfann, Corey and Thomas, Physical Review 90, 489, 1953.)



®a308bIU rnepexod U3 UeHmMpocuMMemMpUYHoOU
8 MMoJIAPHY0 CmpPyKmypy ¢ obpasogaHuem OOMeHO8

JlomeHHast
epaHuua

EREREEIER
O——?—O——O——O

R T
[lepenonspu3ayus ouasrnekmpuka
m, 38 cyem O8UXXeHUS OOMEHHbIX CIMEeHOK

Phase transition with the formation of domains. Symmetry elements such as two-fold axes
and mirror planes are indicated. The transition leads to a reduction m symmetry. The
domain boundary is indicated by the double line in the right-hand figure.



MaeHumHbIe cucmemabl

CriuHbl «88EPX»  «BHU3Y

O ®

JlomeHHasi
epaHuua

napamagHemuk T >T_ eppomazHemuk T <T_
< u > =0, 6ruxHul rnopss0oK < u > # 0, OanbHuU rnopss0okK



TpexmepHbie (0bbeMHbIe) OecheKkmbl

[lopbl, mpewUHsbl, MPUMECHbIE CKOMeHUsl, 8KIMTIOYEHUS,
8bl0erieHUs1 Hosou a3kl U m.O.



HapyweHus cnnowHocmu Kpucmarna

Toueynbie nAedexTbl W JMCJIOKAUMM OCYUIECTBJSAIOT HE TOJBLKO NJacTHye-
ckylo nedopmauuio Kpucraajaa. Mx ckonjeHds sBJASIIOTCS 3apOAbIIIAMH
HApyIWEeHHH CIUVIOMIHOCTH, KOTOPble NMPH NMOAXOAAMMX YCJIOBHSIX MOIyT
NPeBPATHTLCS B pacTyllde TPELWMHBI, NPUBOASIME K paspyuieHxio o6-
pasua. IlostoMy MHKPOCKONMMYECKHe HapyUIeHHs] CIVIOWHOCTH CJaejyeT
paccMaTpuBaTh KaK 3JeMeHThl je(eKTHOH CTPYKTYpbl KpHCTajaa, a npo-
ecc paspyllieHHs — KaK ONHY M3 CTafui 3BOJIOUMH ' e(PeKTHOH CTPYK-

TYPHI.

3apoxo0eHue U pocm mpeuwuH —p paspyweHue Kpucmarina



Ynpo4yHeHue 8 crinasax
(OOHO U3 8axkHeUWUX docmuXXeHuu
coepeMeHHoU yusunuisauyuu)

YeeruyeHue riopo2a meky4decmu makux memarsiios
kak Al , Cu, Ni 8 cmo u 6ornee pa3 3a cyem rpasusibHo20
8blbopa neaupyrowux arneMeHmos8 u onmumu3sayuu
mepmu4veckou obpabomku !



Puc. 20.20. HOucaokauus,
3aKPeNACHHbDIE aToOMaMH
npiumecn B MgO. (Daek-
TPOHHO-MUBKPOCKOTTHYECKAR
¢ororpapuas Tomaca
YouwbepHa.)

MEeJKHX yacTHIl ApPyrod ¢aszul. DTOT npouecc HMEeT MECTO NMPHU TBEp-
JeHHH CTaaM, Korjla 4acTHubl KapOHaa KeJjes3a BbINafgaiOT B XKe-
Jiese, HIH NpH TBePAeHHH aJIOMUHUA, rae BunagaoT yactuus AlCu,
Cayuaii 3akpenjeuuss AHWCIOKAUMI aTOMaMH NPHMeCH MOKa3aH Ha

puc. 20.20,
Ezunemckue nnupamuobl — Cu + Sb
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