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MeplexOpEVA EVOTNTOG

MiBavotnta Sleyeponc tTne otadunc
NMPOCHULENC.

[lVOEVO NAEKTPOVIWV-OTIWV.
E¢alewn Twv popEwv petovoTntoc.
AVTIOTAOULOPEVOC NULOYWYOC.

H B€on tnc otaBunc Fermi.
Eukwnola.

AywyLlpotnta.
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Hulaywyoli pe mpoouiéelc

Conduction Band Conduction Band =
hiole

FE"T“—- --'-..--;--'i.--;--'-.--;"'-.u;";-;u;" 'EnE'rg'f
level leveals.
Extra - Farmi
elactron level
anargy
levels

N-Type P-Type
XapaktnpeioTiKA atreikovion N-Tutrou Kai M-10TTou nuiaywyou.

Mnyn: HyperPhysics -2014 C. R. Nave - Georgia State University,
http://hyperphysics.phy-astr.gsu.edu/hbase/solids/imgsol/dban.qgif
http://hyperphysics.phy-astr.gsu.edu/hbase/solids/dsem.html
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MBavotnta dtEyeponc tnG otadunc
TPOCLENG

NS =Npfl- f(Ep)}=Npfl- = ¥

1+exp Ep —Er

N Np

O
I

Er - Ep

1+exp

b) n-type semiconductor

E _
1 ® Electrons in conduction band (mobile)
E, @ Holes in the valence band (mobile)
BHEHHEH g
E N El" Positive ions (imobile donors)
/S STHLS T, Bl Negative ions (imobile acceptors)
N A ¢) p-type semiconductor
N — N . f ( E A) — O¢oeIg QopEwv O€ OXEAN PE TO €i00G TOU nUIaYwWYoU
A A E _ E The three types of semiconductors:
A F a) Intrinsic semiconductors.

1 + eXp b) n-type semiconductors.
KT

) p-type semiconductors.

Mnyn: Copyright www.porous-35.com, all rights reserved.
http://mww.porous-35.com/images/typessemicond.jpg
http://www.porous-35.com/electrochemistry-semiconductors-3.htmi
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NULOYWYOL HE TTPOCULEELC
* TO YIVOMEVO NAEKTPOViWV-ONWV oTaOePO:
n-p = n.? = N. Nyexp[-(E--E,)/KT] = n.-p,
o gtalewpn twv popEwv pelovoTNTAC:

pn= niz/nn
n,= I\ID-I-'I_ Pn = I\ID-I_ P =

Np ++/N2 +4n?
2

Np>>n. =>n =Ny >>p_
* QVTIOTAOULOMEVOC NULAYWYOC TUTIOU N
n=Ngp-Ny+tp Ny>N,

B ND_NA+\/(ND_NA)2+4ni2

2
Np-N,>>n. =>n_= Ng-N, >>p,

Ny
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netaBoAn tov emunedovu Fermi pe tic mpoopiéelc

* 000 auéavetal To TOCOO0TO
npoouténg n E; amouakpuvetal
Qo TNV EVOOYEVH TLUN

(0. &0
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— L ooz0
* p=nexp[(E-E;)/kT] = oo |
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P and N doped Material Side by Side ... ngngggingrml g -[-.]2[-_] B
. N:daped i fored vOBEUONG Kal N M _n4o f
TTEPIOXN 060 : : .
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Mnyn: Alam ECE-
N E’_fTioTid_E; Conduction Band 606 509,
T e o demsity (o3
* \ik Htltggjﬁlanohub.orq/site/ opmng EnSlty (Em— )

L4 resources/2013/01/1664
4/slides/007.06.jpg

Oplakn CUPTTEPIPOPA EVEPYEIOKWY OTABUWY O€ YeydAa eTTiTreda voBeuong.
Fermi energy of n-type and p-type silicon as a function of doping density at 300 K.

o E Fn = Ei + kT I N ( n/n i) Shown are the conduction and valence band edges, EC and EV, the intrinsic energy Ei,
the Fermi energy for n-type material, EFn, and for p-type material, EFp.

) = -
Fp - Ei kT I N ( p/n|) Mnyn: 2.7 Doped Semiconductors-Bart J. Van Zeghbroeck, 1996, 1997

,http://ecee.colorado.edu/~bart/book/fermiden.gif
http://ecee.colorado.edu/~bart/book/extrinsi.htm
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netaBoAn tou enunedov Fermi pe
Oeppokpaoia
n=Ny =>
n = N.exp[-(Ec-Ef)/kT] = Ny/{1+exp[(Eq-Ep)/KT]

* yoxapunAn T: kT<< E-Ey=>
N.exp[-(Ec-E;)/kT] = Nyexp[(Ey-E;)/KT]

S. M. Sze, “Physics of Semiconductor Devices,” Second Edition

=> EF (T) - (EC+ED)/2 = (kT/Z)In(Nc/ND) ;Z: - duc(li — Si
_ _ 0.6_ AL A7/ 77777 77777 {/S///_//‘/ /i
* B = {EeEol/2 fnaT0) s

fg.—_ 0‘ Intrinsic level l()‘z‘)>\.m
| = 124 1477 # 06

0= Ny = =

- b =
n = Neexp[-(E-E.)/kT] =N, AP

10 1
=> E, (T) = Ec- kT In(N/N,) S T

Fermi level vs Temperature in doped-Si

Mnyn:S. M. Sze, “Physics of Semiconductor Devices, “ Second Edition
http://www.globalsino.com/micro/1/images/1micro9957%20Fermi%20Lev
€1%20in%20Doped%20Semiconductors%20versus%20Temperature.jpg
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HETOBOANR CUYKEVTPWONC POPEWV ME TN Beprokpacia
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There are three regions of the above figure: Freeze out,
Extrinsic and Intrinsic regions. The carrier concentration and
Fermi energy level will be given for the important extrinsic and
intrinsic regions. ETKpaTwV pnxaviogdg aywyiyodtnTog o€
oxéon Je TN Bepuokpaaia g€ VOBEUPEVO NUIaYywYo.

Mnyég:

1) Solid State Electronics Lecturer: Dr. Sameh Rehan-Chapter 5
Semiconductor in Equilibrium- Position of Fermi Level,
http://osp.mans.edu.eg/rehan/solid_2004/ch5.htm

2) City College of New York- 13600 MOSFET Devices and

Circuits, http://Awww-

ee.ccny.cuny.edu/www/web/crouse/I3600/Lectures/Charge%?2

OCarrier%20Statistics%20Review_files/image073.jpghttp://ww

W_

ee.ccny.cuny.edu/www/web/crouse/I3600/Lectures/Charge%?2

OCarrier%20Statistics%20Review.htm

hy

(a)

Emikpatwv pnxaviopdg aywyiudtntag oe OGN YE TO AvTiOTPOPO TNG
Beppokpaaiag og voBeupévo nuiaywyod. Variation of carrier
concentration with inverse temperature clearly showing the three
regions: ionization, extrinsic, and intrinsic.

Mnyn: Semiconductor Devices

A Web based course under NPTEL by Dr. Aloke Dutta and Dr.
Baquer Mazhari

IIT Kanpur, Prof. G.S.Visweswaran Electrical Engineering, IIT Delhi
Energy Bands and Charge Carriers in Semiconductors
http://nptel.ac.in/courses/Webcourse-contents/IIT-
Delhi/Semiconductor%20Devices/LMB2A/img_1-2c/fig19.qif
http://nptel.ac.in/courses/Webcourse-contents/II T-
Delhi/Semiconductor%20Devices/LMB2A/2¢c.htm

(c) .
prOSRE Evepyelakég oTd0uEG TTEpIOXWwV ateAgiwy. Transitions in

Lai

1 2

" bulk semiconductors: (a) intrinsic absorption and band-to-
2 -&-8.8-8-E, N,n,

band recombination; (b) recombination levels; (c) trapping
levels.

Mnyn: Nanoelectronics and Photonics: From Atoms to
Materials, Devices and Architectures (published with
permission from Springer),
http://www.asdn.net/asdn/physics/images/traps1.JPG

Te—-@-ﬂ--E,,,.P,.p,
1 2

valence band

http://www.asdn.net/asdn/physics/traps.shtml
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http://www-ee.ccny.cuny.edu/www/web/crouse/I3600/Lectures/Charge Carrier Statistics Review_files/image073.jpg
http://www-ee.ccny.cuny.edu/www/web/crouse/I3600/Lectures/Charge Carrier Statistics Review.htm
http://nptel.ac.in/courses/Webcourse-contents/IIT-Delhi/Semiconductor Devices/LMB2A/img_1-2c/fig19.gif
http://nptel.ac.in/courses/Webcourse-contents/IIT-Delhi/Semiconductor Devices/LMB2A/2c.htm
http://www.asdn.net/asdn/physics/images/traps1.JPG
http://www.asdn.net/asdn/physics/traps.shtml
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Electron and hole mobility versus doping density for silicon.
KivnTikéTnTa Qopéwyv o€ axéon ue 10 BaBuod voBeuarg Tou.

Mnyn: Principles of Semiconductor Devices- Chapter 2: Semiconductor
Fundamentals - B. Van Zeghbroeck, 2011,
http://faculty.kfupm.edu.sa/COE/elrabaa/coe360/Mobility.qgif
http://ecee.colorado.edu/~bart/book/book/chapter2/ch2_7.htm

MeTtaBoAn LLE TN CUYKEVTPWON TWV TIPOCULEEWV
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Figure 2.2.38.Temperature dependence of mobility in Si.
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Eidn Zkédaong og TAéypa o€
oxéon Je Tn Bepuokpaaia.

Mnyn: SSPD_Chapter_2.2.6. Drift
Velocity in Semiconductor/metal
and its conductivity.- Page by:
Bijay_Kumar Sharma,
http://cnx.org/resources/93d5cbb01
18da44701e79a9e44fb453256ebf3
3d/graphics12.png
http://cnx.org/contents/64d67245-
4b32-4106-b5cf-
b5bca68c2a6b@1/SSPD_Chapter
2.2.6.-Drift-Velo

Experimental and theoretical GaSb Hall electron
mobility versus free electron concentration at 300 K,
taken from different references. The solid line
represents the fit to a Caughey—Thomas-like model
proposed in this work. Kivntikdtnta nAekTpoviwv o€
oxéon Pe Tn Bepuokpaaia.

Mnyn: Temperature-dependent GaSb material
parameters for reliable thermophotovoltaic cell
modelling Diego Martin and Carlos Algora
Published 7 July 2004 « 2004 IOP Publishing Ltd «
Semiconductor Science and Technology, Volume
19, Number 8,
http://cdn.iopscience.com/images/0268-
1242/19/8/015/Full/sst176720fig03.jpg
http://iopscience.iop.org/article/10.1088/0268-
1242/19/8/015/fulltext/;jsessionid=204DD22DBC7A
8D5BD50180EDB2506CB1.c1

Temperature Effect on Mobility
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KivnTikOTNTO Qopéwv o€ oXEon WE T Bepuokpaaia.

Mnyn: Lecture #6 OUTLINE Carrier scattering mechanisms Drift current Conductivity
and resistivity Relationship between band diagrams & V, 0 Read: Section 3.1.
Publish Lydia Bradley,

http://images.slideplayer.com/16/4900176/slides/slide_6.jpg

http://slideplayer.com/slide/4900176/
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http://images.slideplayer.com/16/4900176/slides/slide_6.jpg
http://slideplayer.com/slide/4900176/
http://cdn.iopscience.com/images/0268-1242/19/8/015/Full/sst176720fig03.jpg
http://iopscience.iop.org/article/10.1088/0268-1242/19/8/015/fulltext/;jsessionid=204DD22DBC7A8D5BD50180EDB2506CB1.c1
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MeTaBoAn €18. avTioTaong e CUYKEVTPWON TWV QOPEWV.

Mnyn: p.42 Thurber, Mattis, Liu, Filliben. The Relationship Between Resistivity and Dopant Density for Phosphorus- and Boron-
Doped Silicon. 1981, General Properties of Silicon
http://mww.pveducation.org/sites/default/files/PVCDROM/Appendices/Images/resistiv.GIF
http://mww.pveducation.org/pvcdrom/materials/general-properties-of-silicon
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ATTEIKOVION KIVATIKOTNTAG KOl
AywyIuodTNTAG NUIAYWYOU O€ OX£E0N
ME TN Bepuokpaaia kar gUyKpIon TNG
QavTiOTOONAG TOU PE auTh €vog
METAAAOU.

Schematic illustration of the
temperature dependence of
electrical conductivity for a doped
(n-type) semiconductor.

Mnyn:
,http://elektroarsenal.net/img/720/im
age374 0.
http://elektroarsenal.net/page/384

SUPTTEPIPOPA KIVNTIKOTNTAG NAEKTPOVIWV O€
oxéon e Tn Bepuokpaacia. The electron
mobility, p as a function of temperature; two
clear scattering mechanisms are present: (1)
at low temperatures where pa T0.95
(scattering on impurity centers) and (2) at
high temperatures where pa T-
1.14(scattering on lattice defects)

Mnyn: From Electric Properties of n-GaN:
Effect of Different Contacts on the Electronic
Conduction S. Abdalla, F. Marzouki, S. Al-
ameer, S. Turkestani

International Journal of Physics. 2013, 1(2),
41-48 doi:10.12691/ijp-1-2-3,

http://pubs.sciepub.com/ijp/1/2/3/image/fig12.

log

aif
http://pubs.sciepub.com/ijp/1/2/3/figs

intrinsic range

saturation range

slope = - (Ea— E,)/2.3k

extrinsic range

In(a)

' Intrinsic region
\

1T

MetaBoAn pe tn BOepupokpoaocia

Eidn aywyipoétntag evog nuiaywyoul o€
ox£€an JE TO avTiOTPOYO TNG
Bepuokpaaiag Tou.

IMnyn: ENGN 45, Materials Science for
Engineers, City College of San Fransisco
http://foq.ccsf.cc.ca.us/~wkaufmyn/ENGN
45/Course%20Handouts/15_ElectricalPro
ps/15_ElectricalProplmages/p-
typeSemiconductor_Graph.JPG
http://foq.ccsf.cc.ca.us/~wkaufmyn/ENGN
45/Course%20Handouts/15_ElectricalPro
ps/08_ImpuritiesConductivitySemiconduct
ors.html

Eidn aywyipdtntag evog nuiaywyoul o€
ox£on UE TO avTioTPOYo TNG BepuoKpaaTiag
TOU.

Mnyn: Bart van Zeghbroeck, Principles of
Semiconductor Devices, Boulder,

2006, https://www2.warwick.ac.uk/fac/sci/p
hysics/current/postgraduate/regs/mpags/e
x5/techniques/electronic/hall-
effect/temperature/sigmat.png
https://www2.warwick.ac.uk/fac/sci/physic
s/current/postgraduate/reqgs/mpags/ex5ite
chniques/electronic/hall-

effect/temperature/
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http://elektroarsenal.net/img/720/image374_0.jpg
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http://fog.ccsf.cc.ca.us/~wkaufmyn/ENGN45/Course Handouts/15_ElectricalProps/15_ElectricalPropImages/p-typeSemiconductor_Graph.JPG
http://fog.ccsf.cc.ca.us/~wkaufmyn/ENGN45/Course Handouts/15_ElectricalProps/08_ImpuritiesConductivitySemiconductors.html
https://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/techniques/electronic/hall-effect/temperature/sigmat.png
https://www2.warwick.ac.uk/fac/sci/physics/current/postgraduate/regs/mpags/ex5/techniques/electronic/hall-effect/temperature/
http://pubs.sciepub.com/ijp/1/2/3/image/fig12.gif
http://pubs.sciepub.com/ijp/1/2/3/figs

Enidpaon nAektpikouL medilov otnv EuKivnoia

108

Tay0TtnTa oAicOnang gopéwv Katd TNV €mMBROAR
nAekTpIKOU TTediou. Variation of drift velocity of
carriers ( electrons and holes) with electric field for
a direct (GaAs) and an indirect (Si) band gap
semiconductor.

Mnyn: NPTEL >> Physics >> Fundamental
concepts of semiconductors (Web) >>
Macroscopic Transport,

T=300K

Carrier drift velocity (cm/s)

. Electrons http://nptel.ac.in/courses/115102025/module3/img
Holes 2/img9.png
http://nptel.ac.in/courses/115102025/10
10° 10%

Electric field (V/cm)

* E =(1/2)mu? = (3/2)kT

* U, = (3kT/m)¥/2 = 10° m/sec (300K)

* Up=ME yiauy<uy,

e E_ =2105V/m =2V/um ??? ??? ???
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PEVMO LETOTOTILONC

* MukvoTnTa PEVMATOC LETATOTILONC
Jiy =1/A=-neup=nep € =0 € (vopog Tou Qu)

* 0 =ney, + pey,
* AUO OUVIOTWOEC PEVMOTOC LETATOTILONC

— PEVUA LETATOTILONG NAEKTPOVIWY J ()

— PEVUA LETATOTILONC OTTWV Jo = PeM, €
e pelMA LETATOTILONG

Y = dnw + o = (nep, + pepy)-E

= nep, €
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