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High purity silicon
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* High purity materials can be
processed

— Czochralski growth method

 Single crystals 30cm diameter and
meters length

* High purity, some C, O, B impurities

(sufficient for most device applications) *

— Chemical synthesis can produce Si

that is “eleven nines” pure AR Ty
(99.999999999%) e 1

ey

* Production of devices requires contrled
introduction of impurities

Picture from Dr. Michael L. Turner Chemistry 337 website
http://www.shef.ac.uk/~ch1mlt/teaching/chm337/



Doping of silicon
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Periodic table from Michael Canov’s website

http://www.jergym.hiedu.cz/~canovm/vyhledav/varianty/
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Impurities modify
electrical properties

of silicon



Devices on silicon wafers

* The interaction between
regions with different
electronic properties enable
devices

— Simplest transistor npn bipolar
transistor

K

Photo from National Taiwan Normal University
http://www.phy.ntnu.edu.tw/

— Modern devices use field

effect transistors (FET) which

are much more complicated

* Devices possible due to

Chip Name | Date | Transistors | Feature
size
8080 1979 | 29k 6 um
80486 1989 | 1.2M 1 um
Pentium [V | 2000 | 42M 0.18 um

precise control of doping

Human hair is 100 microns

Data from Dwayne H. Moore
http://webinstituteforteachers.org/~dmoore/IntroBasicWebDesign/cpu.htm




Patterning silicon

" Resist

* Lithographic masks are _—so,
used to introduce -
pattern of SiO, on

_—— UV light source

surface » e

* Dopants introduced N iR
through oxide free <
surface h S

* Advanced lithoographic uwr_
techniques allow for sub |
O . 1 m ICI’On featu reS Picture from Britney's Guide to

Semiconductor Physics
http://britneyspears.ac/lasers.htm



Defects

The properties of pure material can’t be
controlled

Properties of materials can be tailored by
adding defects to materials
Semiconductor devices possible because:
— understanding of defects
— technology to control them

Material science is the science of
understanding and controlling defects



Experiment and Computation

* Experimental and computational studies
compliment each other
* Experimental:

— An exact measurement of an unknown
structure

« Computation:

— An approximate calculation of an exact
structure



Simple bipolar transistor

n

* Dope n-type silicon successively with
boron and phosphorous



Emitter-Push Effect

 When P is added by ion implantation, B
atoms diffuse

18 “mI 1.3 MmI

0.2um

Picture after H. Strunk, U. Gosele, and B. O. Kolbesen, Appl. Phys. Lett. V34 P530 (1979)



Diffusion of B In Si

Boron will sit on Si site

— Site to site hopping?

— Vaccancy assisted diffusion?
Crystal of Si mostly void

— Hard sphere packing fraction 0.34 (66% empty!)
— Long empty channels

Boron relatively small atom
Boron will travel by interstitial paths



Experimental study of
diffusion

Diffusion studied by observation of profile
Investigation of characteristic spectra

Which path is 107
followed? ? :

E107'F
What are the 4
energies to create & 10”
and move B 8 -
interstitial? @10
Is the only one
mechanism? Plot from N.E.B Cowern, B. Colombeau, J. Benson, A.J.

Smith, W. Lerch, S. Paul, T. Graf, F. Cristiano, X.
Hebras, and D. Bolze Appl. Phys. Lett. V86 P101905
(2005).



Computational study of

diffusion

e Study of diffusion pathways and
energies by computational methods
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W. Windl, M.M. Bunea, R. Stumpf, S.T. Dunham, and M.P. Masquelier Phys. Rev. Lett. V83 P4345
(1999).



Diffusion mechanism

 Diffusion by kick-out mechanism
— B sitting on Si site
— Si interstitial kicks B out of site
— B diffuses through empty interstitial paths
— B leave interstitial region

* Long range mechanism

* Multiple energies
— Kick-out energy
— Migration energy
— Kick-in energy



Enhanced diffusion

== B10°C 15 min with TED
== B10°C 15 min
As-grown
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Plot from Nicholas Cowern and Conor
Rafferty MRS Bulletin June 2000 P39



Problem solved?

e Carbon can act to trap Si interstitials
* How does this happen? Exchange Si, for C,?

* Why does the C interstitials not enhance B
diffusion ?
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Carbon trapping

C interstitial diffuses until is meets second C
on Si site

C, +Cgq, lock together and become immobile
C is smaller than Si so strain around Cg;

Interstitial defects have strain around
Interstitial atom

The C, and Cg; strain stabilize one another




Carbon trapping 2
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The energies of carbom defects im silicon are calculated, wsing an empsrical classical potential, mnd
uied Lo inler defect propertics and reactions. Substittional carbon is found Lo react with silicon inbersti-
tials, with the carbon “kicked out™ 10 form a C100) split interstitial. This interstitial can in turs bind 1o
a second substitulional carban, relieving stress, im three configurations with similar energies. The results
here accord well with a variety of experimenial daia, including defeet sireciures, aciivation emergies for
defect motson, and coupling to strain. A discrepancy with the accepted valwes for carbon solubilidy in
silicon suggesis a reinterpreiation of the experimental data,

As expected, the Iu-w::sl-‘;:n-:rr;} form of C in 5 s

° Em p”'lcal Study Of C |n found to be substitutional C. The calculsted activation

energy for substitutional diffusion s a bit bess than 4 eV,

. in reasonably good agreement with experiment.' Com-
SI by Te rSOff 1 990 parison of substitutional and interstitial energies imdi-
J " cates that a 5i sell-interstitial can “kick out™ subgtitu-

tional C. or form a C interstitial in the 1100} split con-

« Experimental studies by e ineiisrs mgraon ey, aod s o

tic coupling tensor, are in good agreement with experi-

G . Wat (i n S resea rCh mu‘?!::ml:milill can in turn bind with another substite-

, tional C; the compressive siress of the imerstitial © tonda

A 1 th ile & [ ihe substitutional C. The

group 1980°s. (SONQG et fetar tucres fr his compir sceord wits e
ohserved hy[Song e al " _

al. published in 1988) S




The Future

Computer power continue to increase

The speed, accuracy, and breadth of
computational methods continues to
Increase

The past ten year has witnessed the rise
of ab inito computational methods

In the future increased coupling
computation and experiment





