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ELEN E3106/4106 Lecture 4

Charge Carriers in Semiconductors and Intro to Fermi Level
Outline

Electrons and holes

E-k diagrams

Effective mass

Intrinsic and extrinsic materials
Thermal equilibrium

Fermi level

Assignments:
Reading: Streetman and Banerjee §3.2, 3.3.1

Homework 1 due TOMORROW Fridgy Sept 12t by 5pm
Homework 2 due Friday Sept 9t by 5pm
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Bond Breakage and Free Carrier Generation
» Breaking the bonds in a crystal requires a certain

amount of energy :,ff,er. .@.
* This energy is equal to the E&"'- ‘owto\SoLp °¢
* |f you invest this energy into the lattice, you can Llev E;iﬁen ( )
Vi ean e st of an otherwise satisfied bond state %{ °
* Now, the e will rattle around in the crystal as @ @ @.
a_4{Cee cactier ( )
* This process is called $fee cafCios &emﬁon @

For a well written paragraph on the broken bond model of EHP generation, check out
Bhattacharya, Solid State Electronic Devices pg. 76 (see syllabus)
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Carriers: Electrons and Holes — 0K

* Above 0 K, e has absorbed enough energy (equal to
) to break free of its bond £,

* This means it has enough energy to leave E and g
“jump” into & s
* The “free’ e- will leave behind a lno'e

* Holes are the empty electron states in the valence R

band and behave as _Qg_c\ic&

-\
* Hence, electrons and holes are generated as > T=30

eleciton - \aple Qaie &V @ \ .

* e carry negative charge (- g) and h* carry positive LN S

charge ( j—%—_) ercxed, Loom
 h* can move through the lattice as e- can, and Fu e
act similarly to positively-charged particles. e —~1

Sources: Textbook
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Electrons, Holes, and Net Current
 There can be no net current in a filled band unless an electron is Cewiaued

* In other words: For e- to be accelerated in an electric field, they must be able to
move into new, unoccupied _ S feires

* Water bottle flow analogy (empty vs. full)

= T o
T=o0 V\ Will there be net transport of water when we tilt the bottles? \ 2 ?CO K
Empty

the full bottle to
Full
Takeaway: An empty E devoid of e” of a completely full E;, cannot give rise to a pe-t "‘D“e"go{‘-\-

=
[ } (i 3 S [ F
Now, we transfer
some water from
E N the previously
e-, so there is no _(u.oceny  tedy Kol
Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits , E. Pop’s ECE 340 lecture
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R s waue veckad;

A Electron

E-k and Energy Band Diagrams AP Memcirum

energy

Let's combine energy bands vs. k and vs. x

A band diagram plots the energy levels of e- within a
material as a function of _&iﬁ%‘&ﬂ;ﬁ_

(-\)

The &f the band at a given point tells you _,, P-E. determined by
how the o nges with distance e e slope of band edge
Electric field relationship: E-'&i?ﬁis the negative KE.

gradient of PE, a (X)slope on the band diagram Sloping due to

Indicates a (-) electric field

variation in E-field
By analyzing the slope of a band diagram, engineers s

can understand how free carriers will move through a KE=_0 at E,
semiconductor device! bottom of E_ for e X

. .
Note which way energy of holes 1 {\C teaSesS Hole d';gﬁ-qme

energy

Both e~ and h* tend to seek their I—DM—Q&-—QM%' Q:S?(“dﬂ.

e tend to -Cﬂ“ in the energy band diagram
h*£\oeck like bubbles of water KE=_( attop

1) e- at A gains KE and loses @& , moves to of E, for h*
nonzero wavector kg

2) e- loses KE to \\ecd’through scattering, returns to
B, bottom of band

f Electron kinetic energy

E.

E,

Increasing electron energy
Increasing hole energy

i Hole kinetic energy

Source: Bhattachara, Solid State Electronic Devices

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4 5



The Concept of Effective Mass
* What is mass? Describes how a particle resists changes in v\wa'ish

* Recall: The electrons and holes in a crystal interact with a periodic
[o\oumoic se\d  in the crystal (Bloch’s theorem)

* Theyw ¢& over the ﬁeriodic potential of ’E&e crystal, and therefore m,, and m,,
are not the same as the mass would be in X¢ee Qe

* Denoted m,, for e”and m,, for h*- ‘n’ for negative charge carrier’, ‘p’ for positive
charge carrier

* We have different effective masses for different materials and QurQsses

AL 5 TABLE 1-3 ¢ Electron and hole effective masses, m, and mp , normalized to the free

65"" -QQ electron mass.
(,o“\Q(eé“ mg=9.11 x 1031 kg
) : & Si Ge GaAs InAs AlAs
my,lm 0.26 0.12 0.068 0.023 2.0
mplmo 0.39 0.30 0.50 0.30 03

Note: Recall periodic potential is usually M, so m* depends on direction. But, we can use
appropriate &qgggae (shown here) in most calculations.

Sources: C. Hu, Modern Semiconductor Devices for Integrated Circuits
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Intrinsic Material

* If there are no M\j&_ present, the semiconductor is Important: When you generate a free
called WHCinSIC" carrier through EHP generation, you

* Recall: No free charge carriers at () {A --> E, empty, E, filled do not generate net chargel

Yo
* Recall: Above 0 K, EHPs are :Bﬂe%_ and we have bm‘aﬁ“e_

free carrier generation
qene; \&C‘f) Q‘ .
* We can quantify the # of e and h* in the semiconductor N e /}”‘e_ N
* Temperature dependent! O Q °
h* / AN h* \\\\

e .36- Jv O\uMe i /N O
n eIectron concentration Q\\ /Q €+ Flectron

- / \\ \\ h™* : Hole
p (cm™3), hole concentration Agov) O O O
n; (cm™3), {0 C;;‘ﬁ'le(‘ Cof\ce"kr%f EHPs -> this
is a temp. dependent material property

1.l faho 10

n=p=nmn £feee carcren
> geme(b&:on
np = nj

Sources: Textbook
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At room temperature (T ~ 300 K) intrinsic concentrations:Ez';

* n,~ 2 x 10° electrons and holes per cm? in GaAs Gafs: \ U eV
e N¢~ 1.5x 100 cm3in Si Stil\ eV
e ~ 2 x1013in Ge Ge'a.0 eV

What about the band gaps of these materials? 7\

To get a sense of scale, how do these numbers:
= compare wit e-¥* £ dogour‘(s , bx \0=° odams /¢ m>

= compare with number of Si atoms per cm? (x4 valence electrons per atom)?
Sx 103 phams [ewd X W yolance e-= Q xlOT e /o>

What if temperature is increased?

TA o™V

Sources: E. Pop
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Generation and Recombination

 Steady-state: If a semi has been a certain way for
a ‘long’ time (none of the properties are changing

As temperature increases,
so does g; and therefore r;

with time)
* At steady-state, the rate of recomBinaiion of
EHPs must be the same rate as they are o Eih £
taxed,
* Function of j—g‘m@_e;gm_e Eleetuon-tole f/;‘fm""ﬁfn
;mmﬁ?m
ri(T) = g:(T)
Ey
M) x&® o
no (cm™3), equilibrium electron concentration P ¥ Ascoabiat

po (cm™3), equilibrium hole concentration

a,-(cm™3), proportionality constant
ANN

_ _ 2 _
i = &y:NogPo = Ay Ny = g
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Extrinsic Material and Doping
* So, intrinsic carriers are created through '\"(\QNV\C‘A_aﬂ_crcéq?QV\,

* How can we manipulate the carrier concentrations?
* We can create carriers in a semiconductor by intentionally adding impurities,

called _dofa¥s ,in aprocess called doping

* The semiconductor is now exXtwsic. . There are two types:
* n-type -> excess of e -> impurities are called do®oC  because they donate an e
* p-type -> excess of h* -> impurities are called acce@¥tts because they accept an e’

e Equilibrium carrier concentrations no longer equal the intrinsic carrier
concentration

n0¢p0¢ni (\‘*E(JC:NQ_S Q‘G' C._

_ _ _ _ M+ of ht
 Carrier type in excess called the «\g:occ-\—g._ carrier
\J

 Other carrier type called the mzf\oﬂssg carrier
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Visualizing donor and acceptor atoms

* Group Ill and V are common dopants in Si. Why?

« Group V atoms have Y valence e to satisfy covalent bonds with neighboring Si,
plus | extra e that doesn’t fit and is loosely bound (e.g. easily given up)

« Group lll has 3 valence e-, introducing a {ns\e where the 4t e- should be
A 'I.b VA ‘T704955

5 6 7

——Si B Cc N
10.811 12.011 14.007
Aluminum Silicon | Phosphorus
/ \ 13 14 15
Al Si P
26982 | 28086 30.974
Gallium | Germanium| Arsenic
- 31 32 33
Ga Ge As
| 69723 72.64 74.922
\ / \ / Indium TI Antimony
/ \ 49 50 51
In Sn Sb
| 11482 | 11871 | 12176
Elemental
Semiconductors

P-type Dopants
sjuedoq adf}-N

Sources: MKS Instruments, Textbook

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4 11



lonization Enerqy

* We can calculate the approximate energy required to excite the 5t e of a
donor atom into E _(or, for acceptor to accept an e7)

(i.e. free the extra e and leave + ion)

*x 4
E _ m,q
onization —
romtzatt 2(4me, €4)%h?

€, - relative dielectric constant of the
semiconductor

€0 - vacuum permittivity (8.85 x 10712 F/m)

h - reduced Planck constant, %T, (1.05 x
10734 J. 5)

Source: https://i.stack.imgur.com/3H3jl.jpg

of¢
] L] [ ] L] L] m
 Called the ionization or binding energy --> E needed to { paize  a donor atom

Li Sb P As S Se Te

>l 2z 2

0.66

»lz>lg|2

0093 009% o012 013 Al -
AT A

- 2

GAP CENTER 28 3 7 %’»

o

095

T
l “ a[co 4 ‘Q-%\;’Qe:—~1 """""" "’E‘J

2
o o oNfou o By To—0 8 T F M M
B Al T Ga In Be Zn Cr Cd Hg Co Ni Mn Fe Pt )

Li Sb P &Bi Te Ti C Mg Se Cr Ta Cs Ba S Mn Ag Cd Pt Si

033 039 085 054 g5 .14 5 Ala 4 .
. - 2 =5
T s ;g 2 "z gos 2 %5 Z
A & 22 36 A M a5 33 Bla= T e <3 -
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= D T3 25 7 =325 2¢ D 27 31
16 47 19 2 D B = D
045 067 072 D
@AI Ga In Tl Pd Na Be Zn Au Co V Ni Mo Hg St Ge Cu K Sn W Pb O Fe

=¥

lonization energies of dopants in Si and Ge. Center is .gm 1 NScC Cew

Level
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Dopant Impurity Levels

At room temperature (300 K):

* n-type --> Np > (n;,09) Ny, - concentration of dofoy aems
N, - concentration of gc_emoms
* p-type --> Ny > (n;, ng)

* Dopants introduce additional levels into the energy band structure, usually within the band gap
* These impurity levels are called Ed for donors, and _EQ_ for acceptors
* Dopants can be easily ‘activated’ with a small amount of thermal energy

e e

E, ®c o o o E. .L .A .A .L j d E. E.

oLEEn«\*s ot e N]Z,\ % K ok € tnermel
(o] < -
Sonized ¥ e EY)) e N eIy D‘;:C c..‘ .i 3 ?

EV 0000 OOOIONONOODS E" 00000 OOOSOIONINNDS Ev e e E" :::;:.:.:;:::

900000 OONISIONINSIDS 90000000000 OCS .m

Donors are ionized! Acceptors are ionized!

Sources: Textbook
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Thermal Equilibrium

* Equilibrium is the
\a&cﬁéx_egeggg__cm&g,um’sm_ in
the presence of thermal agitation

* E.g., the steady-state condition at a
given temperature without any external
excitation, such as light, E-field, pressure

* EHP generation and recombination is
only due to thermal excitation

* | recommend this video here for
further explanation:
https://www.youtube.com/watch?v=
COEK50IXPoQ
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https://www.youtube.com/watch?v=C0EK5OlXPoQ
https://www.youtube.com/watch?v=C0EK5OlXPoQ

Summary (So Far)

* Band gap energy ( S—,_E!g ) is energy required to free an electron from a cougiear
bond

* E,=1.1eV for Si at 300 K

* Insulators have “large” E,, semiconductors have “smaller” E,
* EHPs are generated when bond is broken

* There must be oweca\0\e 8'\<1"‘?3r e- to move into for current flow!

= an(iljhf have someeffe -Sive maSs in a given material, dependent on crystal
periodicity

* CasCnsk materials are pure, with an intrinsic carrier concentration: | np = n?

l
* =¥ (XS e materials: those with dgecu\-\s . For Si:
Substitute pre-existing Si atoms on lattice sites
Group-V elements are_d 6of'S , contribute conduction electrons
Group-Illl elements are !LLCE@T_‘L‘E_: contribute holes
Low ionization energy (~50 meV) - all ionized at room T
Useful dopant concentrations in Si range from 10%> to 10%2° cm?3

Source: Textbook
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Our Goal

* Be able to calculate electron (n) and hole (p) densities for:
* Any temperature!
* Any doping concentration!
* Any energy level!

* Recall: In thermal equilibrium, np = ni?
* EHPs are generated
* Recombination rate is equal to generation rate

n + An; p + Ap; An = Ap

e We are (typically) dealing with large concentrations, not individual electrons =2 we
need a $SatisSica)  of these electron (or hole) _eo oul\ayians
2ceamend-

* Two key concepts needed to “count” populations:
1) The s‘Q@l\i‘Z‘of finding electrons (or holes) in a state
2) The nuwee C (i.e. density) of states available

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4
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1) Fermi-Dirac probability function for electrons & holes

Analogy:

= the probability of finding a spectator in a seat as you go up from the

bottom row of a stadlum

L£CRNEN

1
J(E) = | 4 o E-Er) /AT

fl-&eevl= = gododdailtyg oy

1.2

Evl

g

0.8
0.6
0.4
0.2

0

-0.2

l l L

J |

=300 K I
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Fermi-Dirac Distribution Function

* Electrons in solids obey
Cecmi- Otrae,  Shatishic
* There is a distribution of e  over a range

of allowed energy levels at thermal
equilibrium, given by:

1
f(E) = E—Ep
14+ e kT

* The energy state with % probability of
being occupied by an e is called the

Co.con \e_\’e‘, EF

* [1 — f(E)] is the corresponding
probability that a state is not being
occupied by e (i.e. being occupied by a

ole )

Source: Textbook

0 <f(E)<1
T=0K:
DfE>E) =—sm =1 =0 &
14e O
1 1
2) f(E < Ep) = —ps = =1 E
)f( F) e o 1+e—° Vv
3)f(E = Ep) =—x=—-=- C¢
1+ekT
Empty
=13
+
-_— o —'——-—E;'"‘EF
¥

..............
.....................
.....................

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4

18



The Fermi Level

o Epis 1 Sne \Qqno\%g_@ between E.and E, he Fermi_Dirac
* Important: f(E) is the probability of distribution function.

occupancy of an gygiluble Sae at £ F(E)

e If there is no available state at E (e.g., in 1
the band gap of a semiconductor), there is
no possibility of ﬁ?(d?.f\% an ¢ Ve |

e At OK --> distribution is rectangular (all -
states above E are g,m@;gg, below are

£\ed )

* At T>0 K, some gcobal\&exists for
states above the Fermi level to be filled.

e Distribution is always 53Mm'\‘<zwxabout
E for all temperatures

Source: Textbook

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4 19



The Fermi Level in Intrinsic Materials

* There is only one Fermi level in a system at
thermal equilibrium

* Er depends on the # of electrons and holes
present in a system

* For intrinsic material, we know # of h™in E,
=#ofe mn Ec
* Fermi level in middle of bandgap \
« E.—Ep=E,—E = E,/2

 Distribution function has values within E,,
but these states are unavailable

* There is some ‘tail’ probability of the e-
being found higherin E,

 Equal to ‘tail’ probability of h+ of [1 —
f (E)] extending into E,,

Source: Textbook

‘Tail’ probability e in
higher energy state in E,

/T
e
SR S

fIE) 1 /2 0

(a) Intrinsic

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4
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The Fermi Level in Extrinsic Materials

* In doped materials, the # of ‘free’ holes and
electrons is not equal

* W -type:moree’in E.thanh*in E,
* Therefore, Eis closer to E . edge
* The value of (E, — Ef) indicates how
S’ﬂ'w the material is
. _&-type: more h*in E, than e in E, (11— FE)]
* Therefore, E is closer to E, edge
* The value of (Er — E,,) indicates how

SHD%\%—@@ the material is

™

l
) f(E) 1 112

(c) p-type
Source: Textbook
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2) Density of States
* Imagine counting the ¥ of states in a small range of energy in the conduction

band, OE : 0, 66 SIS
) E
number of states in AE ——— —— AE
N(E) = E, E.
(E) AE X volume T
N, effective density of states at the edge of E, % k. oe‘\&.\—gz-
N, effective density of states at the edge of E), — \
N,

* Why does D.O.S. increase as we move up in the bands?

Ars € i0cteaseS, wore  giuontyunm sTees avai\qble
Loc € o 0O CLUQ\J»

Source: Textbook
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Density of states in Si conduction & valence band

e Counting states (i.e. “stadium seats per row”) in App. IV:
x \ 3/2
N(E):if(m—j E"
T

h2

* Most important feature is ~E'/2 (more states at hzak\ec‘ e )!

* What is E with respect to? Any states in the band gap?
w.ek:e Ec or v, Mo staver quai\dote in e Yand qap

e What is m* here?
efRediiue o

Columbia ELEN E3106/4106 Fall 2025 Prof. Savannah Eisner Lecture 4
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Carrier Concentrations

* So how do we calculate electron & hole (odcedttatcons knowing the density
of states and probability of occupation?

Nooresds E. ny = EI SEWNEME i conduckien bard
/——,—JEV

Py = f 11 = F(B) Ny(E)dE

* This is usually a tough numerical integral, but we can approximate below if
Ee s el pEan e @o.r\o\gag! 3

2mmi kT2
N =2(—3

ng ~ N.e Ec=Er)/kT where
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Visualizing the f(E), density, and carrier concentration

* Where is E

In intrinsic = & |
material?
€c3Ct
* What happens
with E when we
start doping the
material? T

Source: Textbook

N(E) [1-f(E)]

Carrier
concentration
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Carrier Concentrations Continued
* We can write similarly for holes: o3
Zﬂmka 2
p, = N,e~EF=E)/KT | where N, =2 Tz
* Recall, (1o = PL , and we caagn,\y\rge
| n; = Nce_(Ec_Ei)/kT pi = Nve_(Ei_Ev)/kT XQ

Note: the product of ny and p, at equilibrium is constant for a particular material
and temperature, even if dag; cuvared  l(e.g.ng # po)

e Called the _Meass-arfion | ow
* Recall if the material is intrinsic, E, = ©: where
Eg
QEC - Ei - -

Eg
2 nlz — nlpl — (Nce_(EC_Ei)/kT)(Nve_(Ei_Ev)/kT) = NC Nve_ﬁ

_(Ec—Ep) _Eg
@: (Nce_(EC_EF)/kT)(Nve_(EF_Ev)/kT) = N.Nye~ kr = N.Nye kT

Eg_
Given n; = p;, n; = [/ N:NyeJ 2kT
A N

Source: Textbook
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Carrier Concentrations Continued

* We can conveniently rewrite these equations,

Ng = Nce_(EC_EF)/kT —

pO = Nve_(EF_Ev)/kT —

e Convenient because we can easily find _{\\: __ for a given material and

temperature

Source: Textbook

Ep—E{)/kT

Nno = n;eFrE:

po = neEER/KT

(3-25a)

(3-25b)
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Problem: Solving for carrier concentration

A Si sample is doped with 10'® Boron atoms per cm3. What are the electron and hole
concentrations at room temgerature? Assume lights off. Is this n- or p-type material? Where

s the Fermi level, E-* G ocan s -—-) accedo “@ mayeetal
-3
NaA=10em = So (fox NA = (0'C i) * \F A mC%\ CS%\0" cn

Mass ackon law: WOQQ“V\c - o= 0% = (1-Sx\o' CV"C}XA

0o ) 10' con
No = 2. 3TXI0% e
Po=ne — Ei-E¢= tf\'Jva(e,\
EioBez (€.68% (0 S VAR (306 K40 ('\0“’ ew %: 0.36 eV
™

\0
@‘;303 G@ IR Ec-E=

&
= go sSev Y
W
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