Today’s objectives:
Crystal Defects

1. What types of ionic defects are common for ceramics?
2. How can a ceramic be made to be non-stoichiometric?
3. How do substitutional impurities affect stoichiometry?
4. How is charge neutrality maintained in ionic structures?

5. What is the distinction between dopants and impurities?




 Random fact of the day (useful for exam time)




Tweaked Syllabus |

Date | Lecture Topic Reading Remarks
1/20 1 Intro, Structures
1/22 2 Ceramic Structures, planes 12.1-5
1/27 3 Defects in Ceramics 12.1-5
1/29 4 Mechanical Properties of 8.4,12.8-11 No HW due
Ceramics
2/3 5 Ceramics Phase Diagrams 12.6-7 HW1 due
215 6 Clay and powder processing, 13.4-7,13.10-11
refractories
2/1C 7 Glass and glass process 13.1-3, 13.¢
2/12 8 Other ceramic processing HW?2 due
2117 9 Polymer | Ch 14
2/19 10 Polymers Il Ch 15
2124 11 Composite Materials | 16.1-7
2/26 12 Composite Materials |l 16.8-15 HW3 due
3/3 13 Exam Review
3/5 Midterm Exam | MIDTERM
3/10 No Class: Spring Break
3/12 No Class: Spring Break
3/17 No Class

3/19

No Class




Review from last class

 Be able to draw the (001) and (110) planes of:

CsCl

NaCl

ZnS

Perovskite (BaTiO,)
CaF,
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Self point defects
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Ficune 4.1 Two-dimensional
representations of a vacancy and

a self-interstitial. (Adapted from

W. G. Moffatt, G. W. Pearsall, and

J. Wulff, The Structure and
Properties of Materials, Vol. 1,
Structure, p. 77. Copyright © 1964 by
John Wiley & Sons, New York.
Reprinted by permission of John
Wiley & Sons, Inc.)

Very important for
batteries, fuel cells, and
other ionic conductors.



Dopant / Impurity point defects

Exceedingly important for semiconductors.




Dopants vs. Impurities

« Dopants: Purposefully added to tailor properties.
— n and p type semiconductors (add P or B to Si)

— Si atom density is 1023 atoms/cm?3, while dopants from
1015 to 104! are used for modern Si semiconductor
devices.

e Impurities: Cannot remove so come up with
ways to live with them.
— In the initial raw materials
— Processing related

— Too costly to remove (usually a matter of energy, but
sometimes also of environmental cost)



Vacancies and Interstitials

 Anion interstitials are unlikely (usually the anions are already
larger than the cations, leaving little room to squeeze in an
extra anion).

» Vacancies are also possible.

. Vacancies and interstitials ~ >to'chiometry: Maintaining a simple
ratio of cations and anions

Ofte_n occur In p_air_s., (independent of charge neutrality
maintaining stoichiometry . which always must be maintained)



Defect Concentrations

Charge neutrality
AND Stoichiometry
maintained.

23+4 5
& 23+666



Equilibrium concentration of defects

e As temperature increases, so does the vacancy

and interstitial concentration. -
N ~N exp defect formation energy

defects
kT

— E=energy of formation for the defect type
— k=boltzman’s constant
— T=temperature

— N=number of lattice sites overall for that particular
defect type

e For example, a substitutional cation can sitin just 1
place per unit cell for CsCl and 4 spots/cell for NaCl.
You then need to figure out how many unit cells are in
a sample to know how many defects there are total.

e Thus, properties can change strongly with T

— (often a major limitation, but sometimes a benefit).



Correlated Defects

Defects sometimes hang out together (‘correlation’). Why?

Defects usually add/subtract charge; thus,
Coulombic forces attract them, and
conveniently stoichiometry is maintained.



Multivalent self-Defects

Fe, O, x approximately
but not exactly = 1.

Multivalent defects occur often for certain metal
lons, primarily transition metals. This will lead to
non-stoichiometry.



Impurity defects (non-self defects)
RULES:

Charge neutrality must be maintained.

Thus, if a substitutional impurity has a
different charge than the substituted
lon, another defect (or defects) must
be present to balance it out.

Non-stoichiometry often results.

Cationic Anionic
«Ca instead of Na in NaCl O instead of Cl in NaCl
(provides 1 extra electron, 2 instead of 1)  (takes up 1 extra electron, 2 instead of 1)
B instead of Si in SiO, O instead of N in GaN

(provides 1 fewer electron, 3 instead of 4) (takes 1 less electron, 2 instead of 3)



Simple impurity compensation
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Other compensating defects
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Optlons after a substitutional anion needing extra electrons:
anion vacancy (1 fewer)

cation interstial (1 extra available)

overcharged substitutional cation (extra given)

some combination

W



What about for cationic substitutions?

W

NP

9
2 9
2 9
4 9
Options after a substitutional cation giving extra electrons:

Cation vacancy (1 fewer given)

Anion interstial (1 extra taken, but wait, NOT ALL _ OWED)
overcharged substitutional anion (extra used)

some combination

Also need to be able to balance when faced with

(for anions or cations):
undercharged substitutionals
interstitial impurities
vacancies
etc.



Initial
Compound:
NaCl

Substitutional-
"aliovalent”

Substitutional-
1 higher charge
(or multivalent)

Vacancy

Interstitial
(self or impurity)

Substitutional-
2 higher charges

Charge Balancing

Cations Extra Charge? Anions Extra Charge?

Na* CI

K none F none

Ca 1 extra e O 1 too few e
Vya 1 too few e- V¢ 1 extra e

] 1 too few e-

Na, 1 extra e Cl; BUT unlikely
Al 2 too many P 2 too few



Charge Balancing

Initial Compound: ZnS
Cations Extra Charge?

Zn?*

Substitutional-

: Ca none
aliovalent
Substitutional-
1 higher charge Al 1 extra e
(or multivalent)
Vacancy V, 2 too few e-
Interstltl_al : Zn, 2 extra e
(self or impurity)
Substitutional- 1 t00 few e-

1 lower charge

Mix and match defects to maintain charge neutrality
multiple defects (especially different kinds) gener

Anions Extra Charge?

S#

O none

As 1 too few e-
Vg 2 extra e
S, NEVER

Br 1 too many e-

, but recognize that
ally diminish properties.



SUMMARY

38 % 0
8 +
7 7
7 I

Reading for next classes

Mechanical Properties
Chapter sections: 8.4,12.8-12.11

HW due on TUESDAY at start of class



Homework Assignment 1

Due at the start of class on Feb 3, 1 week from today.
If you're late, you lose points fast.

No partial credit for questions.

In total, homework is worth 40% of the grade (5x8% each).

10 questions total, some easy, some hard,
— don’t wait until Monday night.

Ceramic Structures and defects: Covering Sections 12 1-5



Summer Internships in Materials Science

Various Universities: (deadlines Jan-Feb, vary by s  chool)
— http://www.nsf.qov/crssprgm/reu/list result.cfim?unitid=5052
— Over 90 sites nationwide.

National Institute of Standards and Technology (Feb 17)

— http://Iwww.msel.nist.gov/surf.html

— NIST Gaithersburg, Gaithersburg, MD (25 miles N of  Washington
DC)

— NIST Boulder, Boulder, CO

NASA (January 23)

— http://www.epo.usra.edu/usrp/
— 5 Sites

Dept. of Energy (February 1)

— http://www.scied.science.doe.qgov/scied/ERULF/about.html
— 16 sites




