lonization Energy

« Kinetic Energy of electron is T=imV
o e . __ mk
» Substituting in velocity from equation 1 T _W
(slide 9.6) and then far,. TK
+ Potential energy is (Coulomb attraction) V= T e 4R = -e°
o, ATR? A7,
- mie*
(na)* (472}
. —me*
e Total energy T + V) is therefore £= m,
2nn ) (47 )
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lonization Energy

+ For the hydrogen atorm* =m, = 9.11x103andx = «,= 8.85<101%>
ionisation energg, ~ -13.6eV fom = 1.
» Compare this to silicorapprox. ionisation ener gy of donor atom,

€ =& — &) = -13.6m*/(myk.?) > -0.026 eV, which is much less than the band gap

of silicon (= ™ 5o m o
I

» This hydrogenic model works quite well: providegaod estimation of the
magnitudes of the ionisation energies involved...

g Semiconductor
T = B2 | Impurity Si Ge
fn' ? T.n' (& —&) <<g % & [ bonors
L — G AL T -
@ @ @ >§ | Phosphorus 0.045eY  0.012€|
=3
g2 | Arsenic 0.050eV| 0.013€
£ 2
© 5 | Acceptors
o Q
& £ | Boron 0.045eV| 0.010eV
Aluminium 0.060eV| 0.010eV|
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Impurities in group 1l1-V semiconductors
(e.g. GaAs)
» Group Il elementsg(g. beryllium, zinc) can substitute o™ | Cren
gallium (11l) to become acceptor impurities. (V)
Selenium 0.0059
» Similarly, Group VI elementse(g. selenium, tellurium) can Telurium | 0.0058
substitute arsenic (V) to become donor impurities.
Silicon 0.0058
» Both acceptor and donor ionisation energies amdlenthan Germanium | 0.0061
the corresponding ones for silicon. .
Acceptor in
GaAs
« lonisation energies for donors in GaAs are smakian Berylium | 0.0280
those of the acceptors due to smatirof electron Zinc 0.0307
compared to hole (slide 8.8). _
E_z(nh)Z(W)Z Cadmium 0.0347
* Group IV elementsgg. silicon, germanium) can act as Silicon 0.0345
amphoteric impurities in IlI-1V materials since they can pS—
. ermanium | 0.0404
replace either Ga or As and act as a donor or &mcep
respectively.
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Equilibrium distribution of electrons and
holes: Extrinsic  Semiconductor

Dr A P Hibbins
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..:T L e . o » Adding donor/acceptor impurities
o e, S R T TR, changes the distribution of charge carrlers
| ' in the material. Since the Fermi energy is
1 related to the probability distribution (FP
-, or MB) function, it will change as
o = impurities are added.
£ - ML\‘ bt * n-typeshownon | ntrinsic SC (reminder)
. slectron the | eft (no > pO)
L -1 COncentration i.e. donor /
TR | impurities have .-___.-"' -
FrAfh 4 been added. [ oy |
£ II'-‘ [
gl &l ¥ » Electrons are the
APER g majority carrier, L
ity holes are the A .
concentratan . . . \3\
minority carrier ;
fd =0 frod =1



Equilibrium distribution of electrons and
holes: Extrinsic _ Semiconductor

reased overlap bgtwesn 005 * p-typeshown opposite (p, > ny) i.e.
Tigh and pptaaliglity functicn acceptor impurities have been added.

t * Holes are the majority carrier, electrong
|« are the minority carrier.
CTET R P
£ electron
7 . P cancentratan

* The previously derived equations foy

andp, (slides 8.6 and 8.7) are still gene
equations in terms of Fermi energy — th
are still valid.
fuen=p, = nOZNCeXF{_(SC_gF)i|
- T hole keT N F{_(gp &, )}
- concentratin Po =Ny exg ————
=N 0 v kBT
Jroll =0 frde)= 1
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Equilibrium distribution of electrons and holes; "1 "

o : e - o] )
Extrinsic Semiconductor ]

—(ec — &)+ (e —eFi)}

kgT

» To derive an alternative form of the _
thermal equilibrium concentration Ny = Ne exp
equations, add and subtractiatrinsic =

Fermi energy in the exponential of the | _—(SC —£Fi) (£F — &g )_
. . . £ N, exp| —=—F |lexp| ~—=—F41
equation fom, (slide 8.6)i.e. ko T keT
» But boxed term igntrinsic carrier
concentrationp; (see slide 8.8), so we n,=n ex;{ F__H }
write: Ke
. imi E — &
Similarly for holes P, =N ex;{ Fi F}
B
i.e. when donor and acceptors addedn, andp, change

from their intrinsic valuesé;, n, andp; )
If & > &;, thenny > n; andp, < n;: n-type withny > p,
If & < &;, thenp, > n; andn, < n;: p-type withp, > n,
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Extrinsic Semiconductor: nyp, product
» Take the product of the genemglandp, expressions (slides 8.6,8.7):

NP = Nch ex{_(gc — & )}ex;{_(& _Ev)} nuzwcex;{%}

al o o tce]

Ny Py = NN, ex kTT

» This equation is exactly the same as that derieedn intrinsic material on slide
8.9, therefore we have

2
n =n .
0 pO 1 Law of mass action

» This equation states that the produg, is always constant for a given material g
given temperature — it's a fundamental principls@ficonductors in thermal
equilibrium.

Note: only valid when the Boltzmann approx. valid
BUER PHY3102/3305 Solid State Physics | — 2009/10 Slide 10-7
Dr A P Hibbins

Degenerate and Nondegenerate semiconductors

» So far we've assumed that the concentration ohdbptoms added is small
compared to density of host atome.g: there is no interaction between donor
electrons im-type material.

» We've assumed that the impurities introduce diecemergy states. These are
referred to asondegenerate semiconductors.

 If impurity concentration increases, then the daglectrons (for example) will
eventually interact.

» The single discrete donor energywill split into a band of energies, which may
overlap with bottom of conduction band (when docmmcentration), ~ effective
density of states\l..

*  WhenNy > Ng, theng: lies within conduction band.
» - degenerate n-type semiconductor.
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Degenerate and Nondegenerate

semiconductors
« Similarly for acceptor doping leading to a degatep-type material.

* Energy states below: are mostly filled i.e. in the n(p)-type material shof
the states betweem (&,) ande. are occupied (empty)

electron (hole) concentration in conduction (va&rgand is very large.

2 filled states (electrons) |8 Conduction band
C

& empty states (holes
Valence band gF

- p-type
n-type degener ately doped
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