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Kpuctanu cxoxi Ha
riiogen: camMe ixX Bagu, fK
npaBusio, PoonAThL IX
LikaBumum!

CHAPTER 11

STEM IMAGING OF CRYSTALS AND DEFECTS

Cdf HUMPHREYS

DEPARTMENT OF PHYSICS, ARIEONA STATE UNIVERSITY

TEMPE, ARIZONA B5181 USA*

Sir Colin John Humphreys
HapoauBcs 24 May 1941
Crystals are like people: it is the defects in them which tend to ( p n y )

make them interesting! This chapter describes the use of STEM imaging aHrﬂ.(bl3I/IK
for the structural characterization of crystalline materials, perfect

and imperfect. The object of the chapter is to describe basic prin-
ciples as clearly as possible, using a minimum of mathematics.

11.1 INTRODUCTION

Humphreys C.J. (1979) Stem Imaging of Crystals and Defects. In: Hren J.J.,
Goldstein J.1., Joy D.C. (eds) Introduction to Analytical Electron Microscopy.
Springer, Boston, MA
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1 IUPAC Periodic Table of the Elements 18

1 2
H He
hydrogen helium
.008
il .007‘8, 1.0082) 2 Key: 13 14 15 16 17 40026
3 4 atomic number 5 6 7 8 9 10
Li Be Symbol B C N o) F Ne
lithium beryllium name boron carbon nitrogen oxygen fluorine neon
6.94 ‘conventional atomic weight 10.81 12011 14.007 15.999
6.938, 6.997] 9.0122 standard atomic weight [10.806, 10.821] | [12.009, 12.012] | [14.006, 14.008] | [15.999, 16.000] 18.998 20.180
1 12 13 14 15 16 17 18
Na M Al Si P S Cl Ar
sodium magnesium aluminium silicon phosphorus sulfur chlorine argon
22.990 [24.35:?254.307] 3 4 5 6 7 8 9 10 1 12 26.982 [28.032:,0;;.066] 30974 [32.053;,'?2.076) [35.4432,‘ 55.457] 39.948
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti ' Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
potassium calcium scandium titanium vanadium chromium manganese iron cobalt nickel copper zinc gallium germanium arsenic selenium bromine krypton
39.098 40.078(4) 44.956 47.867 50.942 51.996 54.938 55.845(2) 58.933 58.693 63.546(3) 65.38(2) 69.723 72.630(8) 74.922 78.971(8) [7&93',9(7”9,907] 83.798(2)
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sh Te | Xe
rubidium strontium yttrium zirconium niobium molybdenum | technetium ruthenium rhodium palladium silver cadmium indium tin antimony tellurium iodine xenon
85.468 87.62 88.906 91.224(2) 92.906 95.95 101.07(2) 102.91 106.42 107.87 1241 114.82 118.71 121.76 127.60(3) 126.90 131.29
55 56 57-71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba | e | Hf Ta W Re | Os Ir Pt Au Hg Tl Pb Bi Po At Rn
caesium barium hafnium tantalum tungsten rhenium osmium iridium platinum gold mercury thallium lead bismuth polonium astatine radon
204.38
13291 137.33 178.49(2) 180.95 183.84 186.21 190.23(3) 192.22 195.08 196.97 200.59 [204.38, 204.39] 207.2 208.98
87 88 104 105 106 107 108 109 110 11 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
francium radium rutherfordium | dubnium seaborgium bohrium i itnerium | d. dtium | roentgenium | copernicium nihonium flerovium moscovium | livermorium tennessine | oganesson
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd | Pm | Sm Eu Gd Tb Dy Ho Er Tm | Yb Lu
lanthanum cerium p dymi dymil p thi i pil gadolinium terbium dysprosium holmium erbium thulium ytterbium lutetium
138.91 14012 14091 14424 150.36(2) 151.96 157.25(3) 158.93 162.50 164.93 167.26 168.93 173.05 17497

INTERNATIONAL UNION OF
PURE AND APPLIED CHEMISTRY

For notes and updates to this table, see www.iupac.org. This version is dated 28 November 2016.
Copyright © 2016 IUPAC, the Infernational Union of Pure and Applied Chemistry.

The periodic table contains 118 elements. Only 90 of these elements occur naturally in the
environment, and still fewer elements comprise the living world.

From bacteria to higher vertebrates and humans, nature has repeatedly selected for all life forms
a basic group of only six elements.
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IneanpHa CTpyKTYypa
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KpucraniyHi gedpektn Ta MIKPpOCTPYKTYpa B
MmaTepiaNo3HaBCTBI

[ledbeKkTn BnnmBaloTb Ha PI3HI BNAacTUBOCTI MaTepianis:

* MeXaHI4YHi (MNNacTUYHICTb, PyNHYBaAHHSA),

* ONTUYHI (HAanpuKnag, KofibopPOoBI LIEHTPHK),

* TENNOMPOBIAHICTL Ta €ENeKkTPOonpOBIAHICTL (Hanpuknag,
PO3CitoBaHHA OOHOHIB Ta EfIEKTPOHIB),

* erieKTPOHHI (Hanpuknag, nerysaHHs HaniBnpoBIOHMUKIB)
TOLLO.



Structural hierarchy, characteristic length- and time-scales

0.1 mm Grain structure

10 pm |

0.2 pm |: W Dislocation cells
! J

Single grain

10nm | * +. .| Individual dislocations

Atomsicrystal structure

from Allen & Thomas, The Structure of Matenals
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modeling of dislocations in semiconductors
V. Bulatov, LLNL



AedeKtn - BnactnsocrTi

Bnnne MIKpOCTPYKTYyp Ha BNacTUBOCTI MaTepiany BU3HAYaETbCH
XapakTepucTukamMm oKpeMunx aedekxTiB:

* CTPYKTYPHIi - CMOTBOPEHHSA KpUCTaNiYHMX aTOMHUX KOMIMOHEHTIB

* EnekTpoHHI - nokanbHa moandikauia efniekTpoHHOI CTPYKTYpK

 TepmognHaMmiydHi - eHTanbMil Ta eHTponil AedeKTIB

* KiHeTu4Ha - pyxnuBicTb gedeKTiB

« EnactunyHi - gedektn MOXyTb OYyTM M'AKLWMMN abO0 XXOPCTKILLNMU, HIXK
igeanbHUM KpucTan ... ToLwo.

i KONeKTUBHa noBefiHKa CYKYMHOCTI nedexTiB KpucTanis
(MIKpOCTpYKTYypa).



Structural hierarchy, characteristic length- and time-scales

Chemistry Materials Mechanics

Length, (m)

An emerging understanding of the connections
between the structure and properties of
materials has lead to a remarkable progress in
the design of new advanced materials.

+ aramid

fibers,
carbon

fibers

composites

steel
wood, cast
stone bronze Iron

(Strength/density) / (10 ® Pa kg™’ m?)

Year

from M. A. White, Properties of Materials



Yomy pedeKTu BaXKnusi?

[HedeKkTn KpuctaniyHmx TBepOnX PeYOBUH BaXXuBi,
OCKiSTbKM BOHM 3MiHIOIOTb BaCTUBOCTI.

Hanpuknag:

e cnigyu OOMILOK XpOMY NEepPEeTBOPHOHTH
6e3bapBHNM OKCK, arntoMiHito B pybiH;

e MEeTanM MfiacTUYHI, KOonKu JiHIMHI  gedekTun
(aucnokauil) BiflbHO pyxalTbCH;

 KpUCTanM  PO3YMHAKTLCA | pearywTb I3 :
MigBULLIEHOK  WBMAKICTIO B Toykax, [Je — DUCTILE =
avcrokauii nepeTnHarTb 30BHILLHI MOBEPXHI. | AN BEDRAWN INTO WiES

A General
Grain Boundary
in Bi-doped Ni




Yomy aedektn BaxKnusi?

€ 6araTo BnacTtMBOCTEM, AAKi KOHTPOMNKITLCA AedeKTamMu, Hanpuknaa.

« EnekTpuyHa i TennonpoBigHiCTb y MeTanax (CUNbHO 3HMXXEeHa TOYKOBUMU
AecekTtamun).

* EnekTtpoHHa npoBigHICTb Y HaniBnpoBiAHMUKaX (KOHTPONMKETLCA AedheKTamun
3aMilLeHHS).

* Oundysia (KOHTPONETLCA BaKaHCIIMN).
* loHi4yHa NpoBiIAHICTb (KOHTPONKETLCA BaKaHCIAMMN).

« [lnactnyHa gedopmauisa B KpucTtaniyHux maTtepianax (KOHTporiboBaHa
Aucriokauieto).

* MexaHi4yHa MiUHicTb (CUNbHO 3anexuTb Big AedekTiB).



Schematic drawing of a poly-crystal with many defects by
Helmut Foll. University of Kiel, Germany.




Various classes of imperfections
over the size range

Electronic Atomic Interfacial defects
pointdefects pointdefects |‘—>|
| Line defects Bulk defects

[ TT T T T T T
10 101 10% 10° 104 107 10° 107

Dimensional scale (cm)



Gibbs energy

v o6 pedektn (BakaHcii Ta
iHTepcTuuianbHi) bynu
ctabinbHMMK, eHeprisg [06ca
Kpucrtana, LLIO MICTUTb Mg
negekTu, NMOBUHHA 6yTl/1 0 W Number of defects
MEHLLEe eHepril [i66ca
Kpuctana 6e3 gedekrTis.




Energy

 Enthalpy, AH

/
/
2
4
4

v Free energy, AG
\

\

i Entropy, —-TAS

Defect concentration

AG =AH-=-TAS



[MepeBaxatrodi TOUKOBI AedreKkTn B Pi3HUX IOHHUX

KpucTtanax

Crystal Crystal structure Predominant intrinsic defect
Alkali halides (not Cs) Rock salt, NaCl Schottky

Alkaline earth oxides Rock salt Schottky

AgCl, AgBr Rock salt Cation Frenkel

Cs halides, TICI CsCl Schottky

BeO Wurtzite, ZnS Schottky

Alkaline earth fluorides, CeO,, ThO, Fluorite, CaF; Anion Frenkel

N




The number of Frenkel defects present in a MX crystal is:

—AH
S NN 1/2 F
ng = (NN;) " exp AT

where nf is the number of Frenkel defects per unit volume, N is the number of lattice
sites, and Ni the number of interstitial sites available., and AH; is the enthalpy of
formation of one Frenkel defect.

If AH, is the enthalpy of formation of one mole of Frenkel defects:

—AH ..
2RT

n.~(NN,)"” exp

Knowing the enthalpy of formation for Schottky and Frenkel defects, one can
estimate how many defects are present in a crystal.



Schottky Defects Frenkel Defects
Compound  AH (107'°J)  AH (eV) Compound AH (10'9J)  AH (eV)
MgO 10.57 6.60 uo, 5 45 3.40
Ca0 917 6.10 Zro, 6.57 4.10
- ok 254 CaF, 4.49 2.80
LiCl 3.40 212
LiBr 2.88 1.80 STF 112 0.70
il 508 1 30 AgCl 2.56 1.60
NaCl 3.69 2.30 AgBr 1.92 1.20
KCI 3.62 226 B-Agl 1.12 0.70




NaCl (T,=801°C) AH.= 3.69x10°1°]
T=300K n.= 2.64x10% vacancies/mol
T=1000K n.= 9.38x10!” vacancies/mol

MgO AH_= 10.57x10°19 ]
T=300K n.= 2.12x1032 vacancies/mol
T=1000K n.= 1.39x107 vacancies/mol

AH . (MgO) > AH_(NaCl)
=n_ low, more difficult to create vacancies.
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Disorder




oD
(Point defects)

Vacancy
Impurity
Frenkel defect
Schottky defect

CLASSIFICATION
OF DEFECTS
BASED ON
DIMENSIONALITY

1D
(line defects)

Dislocation
Disclination

2D
(surface defects)

Grain boundary
Twin Boundary
Stacking faults

3D
(volume defects)

Twins
Precipitate
Voids/cracks
Porosity
Inclusions




POINT DEFECTS IN ALLOYS

Two outcomes Iif impurity (B) added to host (A):
« Solid solution of B in A (i.e., random dist. of point defects)

Substitutional alloy Interstitial alloy
(e.g., Cuin Ni) (e.g., Cin Fe)

« Solid solution of B in A plus particles of a new
phase (usually for a larger amount of B)

Second phase particle
--different composition
--often different structure.




ORDER-DISORDER IN SOLID SOLUTIONS

Order-disorder phenomena (in substitutional solid solutions):
v' Atoms of one sub-lattice occupy positions corresponding to the other

and vice versa (metallic alloys).

v Solids with elements that have similar electronegativity

0
450 oC T>390 °C
—
B« Cu/Znp (bcc) Disordered
Q / /
@‘-\ 1'l"l .-”‘,fr
@ © zn or vice versa
L ¢ Cu
@ v 0 / /
© ©
- ‘average” gold-copper atom
Brass f§° (ordered)
copper atom
gold atom

Brass B’: Cu centre Zn corners

Brass f§: Cu and Zn arbitrarily distributed in BCC

T<390 °C

Ordered

/.J'

/,.-"

"

/_J

Cu-Au Alloys

/_.J"



COMPOSITION

Definition: Amount of impurity (B) and host (A)
In the system.

Two descriptions:

« Weight % (solid solutions) « Atom % (atomic level)
mass of B : # atoms of B
_ C x 100
CB total mass x 100 B~ total # atoms

« Conversion between wt % and at% in an A-B alloy:

C'BA CR/A
cg= 58 10 cp-— 2B
C'AAA + C'BAB CA/AA + CR/AR
 Basis for conversion: atomic weight of B

mass of B =molesof B x A‘B/atomjc weight of A
mass Oof A =molesof A x AA

10



