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ConepraHne Kypca

1) BBegeHue. 3anpelleHHana 30Ha Kpuctanna.
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MaTpuyHble POTONPUEMHUNKM



ConepraHne Kypca
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BBeaeHue. 3anpeuleHHaA 30Ha

E A a) b) c)

CB

The higherst level CB CB x
occupied by
electrons

Eg <3eV Eg>3eV
Semiconductor Dielectric

Metal

3anpeuleHHan 30Ha (bandgap) B TBEpAbIX TENAX — 3TO AMANa30H SHEPTUN, KOTOPbIE HWU OAUH 3/IEKTPOH B TBEPAOM Te/e He
MOXKET UMETb.

BaneHtHas 30Ha (Valence Band) — sHepreTnyeckas obaacTb paspelléHHbIX 91eKTPOHHbIX COCTOAHUIN B TBEPAOM TeNe,
3ano0/IHEHHAs BaJIEHTHbIMM 3NEKTPOHAMMW.

3oHa nposoaumocTtu (Conductivity Band) — B 30HHOM Teopum TBEPAOro Tena nepBas U3 HE3ANONHEHHbIX 3/IEKTPOHAMM 30H
(AnMana3oHOB 3HEPrUmn, rae MoryT HaxoAUTbCS 3/1EKTPOHbI) B MONYNPOBOAHMKAX U ANINEKTPUKAX. DNEKTPOHbI U3 BaSI@HTHOM
30Hbl, NPeoAoNeB 3aNpeLLEHHYIO 30HY, NPU HEHYNEBOM TeMMepaType NonaaatoT B 30HY NPOBOAMMOCTU U HAYMHAIOT
y4acTBOBaTb B NPOBOAMMOCTU, TO ECTb NEPEMELLATLCA NOA, AENCTBUEM INEKTPUYECKOTO NONS.




BeepeHne. Moaenb noYTn cBOOOAHbIX
3/1eKTPOHOB

* B mogenun cBob6oaHbIX 3/1eKTPOHOB BO/IHOBAA PYHKLMA 3/1eKTPOHA
NMeEEeT cneayrowmim Bua, (naockasa BoaHa):

1 .
hilr) = = et

o

3HaYeHMe UX SHEPruii UMeeT cieaytollee pacnpeaeneHme (3/1eKTPOHHbIN ras):

h?k?
Ek -

2m

MycTb 3/1eKTPOHbI HAXOAATCA B HEKOTOPOM NEePUoanYecKom none V, B KOTOPoOM Nepmnoandecknii noTeHuman
KPUCTaNI/INYECKOM PEeLLIETKU CYMTAETCA MasibiIM BO3MYLLEHNEM OTHOCUTE/IbHO CBOHOAHOrO ABUMNKEHMUSA
Ba/IEHTHbIX 3/IEKTPOHOB.

E=(H)= YT + V] (r)dr
Qr



BeepeHne. Moaenb noYTn cBOOOAHbIX
3/1eKTPOHOB
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YPOBHEW HET, YEM ONnpeaensieTcs CyLecTBoBaHME Y3KOW 3anpeL,eHHOM 30Hbl.
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BeeaeHne. Moaenb KpoHHUra-leHHH
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5 3TO ypaBHEHME MOKA3bIBAET COOTHOLLUEHUE MEXAY
sHepruen (Yepes3 a) n BONHOBOrO BeKTopa k, n, BUAHO, YTO
L | C NeBOM CTOPOHbI YPaBHEHUA PELLUEHNA €CTb TO/IbKO B
AvanasoHe oT -1 4o 1, To ecTb HEKOTOpPbIe OFPaHMYEHUA Ha
BO3MOXHbl€ 3HAYE€HUA SHEPTUM, TO €CTb CYLLLECTBYET 30HbI
3anpeLweHHbIX SHEePTUN.
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BeegeHne. Moaenb KpoHHUra-leHHW
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cos(ka) = cos(aa) — P%Za) (P = %}, roe
, 2mE
at=—3

3TO ypaBHEHME MOKA3bIBAET COOTHOLLUEHUE MEXAY
sHepruen (Yepes3 a) n BONHOBOrO BeKTopa k, n, BUAHO, YTO
C 1eBOW CTOPOHbI YPaBHEHUA peLleHMA eCTb TONIbKO B
AvanasoHe oT -1 4o 1, To ecTb HEKOTOpPbIe OFPaHMYEHUA Ha
BO3MOXHble 3HaYE€HNA SIHEPTUM, TO €CTb CYLLLECTBYET 30Hbl
3anpeLweHHbIX SHEePTUN.



TemnepaTypHasa 3aBUCMMOCTb LUMPUHDI
3anpeLLeHHOoM 30Hbl

3HepFMﬂ 3anpeu.|,eHH0171 30HbI NOZIYNPOBOAHUKOB YMEHbLLUAETCA
C noBbllWeHnem TemnepaTypbobl. JTO CBA3AHO C TEM, YTO
MeXaTOMHOE PaCCToOAHUE YBETNUYUBAETCA, KOT4da aMNINTyAda
KonebaHuUm aTomoB YBENINYNBAETCA 3a CHET yBE/IMYEHUA
TEen,I0Bowm IHEPIrnun.
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OTAn4yme nonynpoBoOAHMKOB OT METaJ/1/10B

l . B nonynposogHuKe cyliecteyeT
NO/IHOCTbIO 3aMO/IHEHHAA 30HA —

BaJIEHTHAA 30HA, NO3TOMY NOABUMNKHOCTb
3/IeKTPOHOB OrpaHMyeHa, B meTanne
¢ Eg 3anpellettan sona 30Ha 3anoJ/IHeHa He NOJIHOCTbIO

- BaneHTHaRA 30Ha

PaboTa Buixoga CpoAcTBO K 3NEKTPOHY eX

JoHa npoBoWMMOCTH

|._.| ]

OCTOBHBIE 30HBLI

1 s 1

MeTann MonynposogHWK



OTAn4yme nonynpoBoOAHMKOB OT METaJ/1/10B

bt el B meTannax npeobnagaet meTannmyeckas
= CBA3b, TO €CTb Ba/IEHTHbIE 3/1eKTPOHbI CNabo
@ @ CBA3aH M MOryT CBOBOAHO NepemeLLLaTbca no
BeLLecTsy
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the Bond Strang

th of they B nonynpoBoAHUKax U AMNINEKTPUKaX, rae B

OCHOBHOM MMeeTCA KOBa/1IeHTHbIN U MOHHbIN
TUMN CBA3U, 3N1EKTPOHbI AOCTAaTOYHO XOPOLLO
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TNbl XMMMYECKMX CBA3EU
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lonic Bonding: One atom acquires and holds Covalent Bonding: Atoms share electrons with the  Metallic Bonding: Atoms give up electrons to the surrounding

the electron(s) of an adjacent atom. Bonding surrounding atoms. Bonding is moderately weak. regions, forming an “electron cloud”. Bonding is coulombic
is coulombic and strong. but weak due to screening of charge.
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4 31eMeHTa C KOBAaNEHTHOWM CBA3bIO
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The new IUPAC format numbers the groups from 1 to 18, The previous IUPAC numbering system and the system used by Chemical Abstracts Service (CAS) are also shown. For radioactive
clements that do not occur in nature, the mass number of the most stable isotope is given in parentheses.



Knaccmoumkauma nosynpoBoaHMKOB
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Knaccnomrkaumsa noaynpoBoaHNKOB

For (E =kT)=0

thermal No electrons in

conduction band means
no electron conduction
1s possible

Ec

0000080

No “Holes” valence
band means no “hole”
conduction is possible




Knaccnomrkaumsa noaynpoBoaHNKOB

For (E =kT)>0

thermal

Electron free to move
in conduction band

O
Ec

00

“Hole” free to move in
valence band




Knaccnomrkaumsa noaynpoBoaHNKOB

For (E

thermal

Direction of

Flow

e,

=kT)>0

Electron free to move in
conduction band

@ Ec
| EV 3

“Hole” movement in

A . _valence band
Direction of

Curr i
T][}WT



Knaccnomrkaumsa noaynpoBoaHNKOB

For (E

thermal

TDirectinn of

=kT)>0

| Current I
Flow

N

Electron free to move in
conduction band

O Ec
| Ev

“Hole” movement in

. _valence band
Direction of

Curr i
_F][}WT



Knaccnomrkaumsa noaynpoBoaHNKOB

For (E =kT)>0

thermal

Electron free to move in
conduction band

90006086
. Ol. . .l.l.l . O e
I.I.I.I. .I.I.I

“Hole” movement in

N _ _valence band
Direction of
TDirectiﬂn of Curr
| Current I Trlani

Flow



Knaccnomrkaumsa noaynpoBoaHNKOB

Few
A Clectrons g Electrons in ~106 - 1014 cm3 Electrons in
¢ Conduction Band Conduction Band without “help”
/ £ Ec = 1.42¢V (Gas)
Wide £¢~ 8¢V (SiO,) ( ¢ Eg = 1.12eV (Si)
EU ~ 5eV [Dlﬂmﬂﬂd] P ‘EG = 0.66eV (GC}
A Thermal *  (Room temperature)
E excitation
" moderately

easy

4e22 cMm BaJIEHTHbIX 31€KTPOHOB

KoHUeHTpauma cobCcTBEHHbIX HOCUTENEeN 3apaaa B NOAynpoBoAHUKax npu RT:

n~2e6 cm> for GaAs with Eg=1.42 eV,
n~1lel0 cm for Si with Eg=1.1 eV,
n~2el3 cm for Ge with Eg=0.66 eV,
n;~le-14 cm for GaN with Eg=3.4 eV



'lpMecCHble NoaynpoBOAHWKN. JIOHOpPHbIE
puMmecH

oy

Example:
P, As, Sb
B} in Si
KoHueHTpauma noHopos lel3-1e19 cm3 ol
° ° XXX XK.
s 0000000 s o00-@® @ @ —— ECD
E,

T+~0K Increasing T Room temperature
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'lpMecCHble NoaynpoBOAHWKN. JIOHOpPHbIE

Extrmsnc (or doped materlal)

-----

| y N - -
Example: One less bond I.I.I
B, Al, In means the . .
in Si acceptor is W
. | L
electrically
satisfied

o000 OOR®e I

‘E"\-'
OO0 D00 O0QO0
Room temperature

All

regions of

material
are
neutrally
charged.



P-n nepexon

Va dropped here

Negligible voltage drop (low-level injection) Negligible voltage drop (low-level injection)

Negligible voltage drop g 4 \ — ,/ — DNegligible voltage drop

(ohmic contact) o (chmic contact)
' P N
Vhi
V,=0: No Bias V,<0 : Reverse Bias V,>0 : Forward Bias
A

— IVl Val
T vbi —‘MH_‘L T 1II""bi




P-n nepexon
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Ecnun K cnosm nonynpoBoAHMKA NPUIOXKUTL BHELLHee
HanpsaXeHue TaK, YTobbl CO34aHHOE UM INEKTPUYECKOEe
nosie 6b1/10 HanNpPaB/EHHbIM MPOTUBOMONOXKHO
HanpaBAEHUIO SNEKTPUYECKOTO NoNsA MeXay obnactamu
NPOCTPAHCTBEHHOTO 3apAAa, TO ANHaMUYEeCcKoe

paBHOBecKe HapyLlaeTtcs, U AndPY3UOHHbIN TOK
npeobnagaet Haa ApendoBbIM TOKOM, ObICTPO
HapacTaA c NoBblWeHUeM HanpaXeHus. Takoe
NOAKAOYEHME HAaNPAXKEHMSA K p-n-nepexoay
Ha3bIBAETCA NPSAMbIM CMELLEHUEM.

QuickTime Mawe



P-n nepexon

Current flow
Is constant
due to
thermally
generated
carriers swept Ecnun ke BHELWWHee HanpAXKeHMe NPUNOKEHO TakK,
out by E-fields 4yTO6bI CO34aHHOE UM nose bbl1Io 0agHOro

in the 0 . QHD== Hanpas/IEHNA C Nonem mexay obnactamm

depletion o — NPOCTPAHCTBA TO 3TO NPMBEAET NINLLb K YBENIMYEHULO
region o e TONLWMHbI C/IOEB NPOCTPAHCTBEHHOIO 3apAAa, U TOK
yepes p-n-nepexoq o4eHb Masl U onpeaenaeTcs
TEeNnNoBon Unm GOTOHHOM reHepaumnen nap
3NEeKTPOH-AblpKa. TaKoe NOAKNAOYEHME HANPAXKEHUA
K p-n-nepexoay Ha3biBaeTcA 0bpaTHbIM
CMeLLEHNEM.

Current flow is
dominated by minority
carriers flowing across
the junction and
becoming majority
carriers

(c) Reverse bias (V5 < 0)

QuickTime Mowe



P-n nepexon

| A Forward Bias: Current flow is
proportional to e(Va/Vref) due to the
exponential decay of carriers into
the majority carrier bands

<— Exponential
Reverse Bias: Current flow is
constant due to thermally
generated carriers swept out by
E-fields in the depletion region
e VA
T Current flow is zero at no applied voltage
Constant

|=|O(eVa/Vref - 1)



DOTOANOA,

< N 'Y
BB
= S3383e PaBHOBeCHOEe COCTOsIHUE
YL
________ ‘-’_:8288880
s = 0 eeesse
.\ — 9000908 B paBHOBECHOM COCTOAHMUMW, KOTrAa NOTOK U3/1y4eHUs
N Efn MO/HOCTbIO OTCYTCTBYET, KOHLEHTPaLUUA HOCUTENEN,
pacnpegeneHve noTeHumana nu sHepreTuyeckas
i 2 30HHaA anarpamma $oToamMoaa NoNHOCTbIO

COOTBETCTBYIOT 0ObIYHOWN P-N-CTPYKTYpE.

Zero Bias (Equilibrium) Diode with no
light illumination has equal amounts
of Drift and Diffusion current resulting
in no net current flow.




DOTOAMNOA

S

0000000

= 98883334
98888880

=" ....I..

*Photodiodes are Reversed Biased
Diodes. Case shown with no light
illumination.

*Diffusion current is practically zero
due to enormous energy barriers
preventing diffusion.

*Drift current is small but finite due to
minority carriers accelerated by the
large electric fields.

LAl lLl Ll
20800080 ——
-

Vgt -\~
oBBB000 - 888888-

»Case Shown: Reversed Bias
Diode(photodiode) WITH light
illumination

*Again, Diffusion current is practically
zero due to enormous energy barriers
preventing diffusion.

*Extra photogenerated ehp’s that can
reach the junction are collected as
“extra” drift current

B ¢oToamoaHOM pexmme
NCMNONb3YeTCA NCTOYHMK NUTAHUA,
KOTOpbIN cmellaeT dpoToamoa B
obpaTHOM HanpasaeHUn. B stom
cnyyae yepes ¢oToamnoa teyet
0bpaTHbIN TOK, NPONOPLUOHA/IbHbIN
nagatoWemy Ha Hero CBeToBoOmMy
NOTOKY. B pabouem ananasoHe
HanpAXeHun (To ecTb A0
HacTynneHuna npobos), aToT TOK
NPAKTUYECKN HE 3aBUCUT OT
NPUNOXKEHHOro obpaTHOro
HaNpPAXKeHUs.



ConHe4yHasa baTapes
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*Solar Cell: Forward Biased (due to light)
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*Diode results in “extra” drift current due to
photogenerated ehp’s (just like a photodiode)
that can reach the junction and be collected.

*Zero Bias (Eguilibrium) Diode with

no light illumination has equal
amounts of Drift and Diffusion *This extra collected charge flattens the bands

current resulting in no net current . . . .
flow. uiine ! resulting forward bias and partial offsetting
' by diffusion current.



DOTOAMNO b

J[l:»mr_ri = Ir..l’urﬁ-‘. + IDu-r: to Light

-
e A _t)er

Imtuf Due to Light
A
Imtm’ = IUE = IU + (_ qAXLN +W + LP h‘b
\
Y
No-Light
A
' No-Light
Photodiode current,
just like leakage
Explanation of these curves: The |V v > current is Drift o
curve is found by sweeping all voltages Bias Point current and thus is in
and measuring the resulting currents, =~ o> & Ol the same direction as
During operation, the device is held at Light the leakage current.
one operating voltage call the bias Increasing
point. .
v Light

Intensitv L

e Tal - A0A™A



doToamoabl

Since n>n, and p,>p, at the

B 1 Y Tl N @ 'H‘I‘“bh

junction edges, the voltage A
must be positive due to the I
law of the junction. No-Light
n{x=—Xx X=X
ﬂ:len{ ) plp”( n)}
q n,
v>
Solar Cell acts as a battery
producing power
1] LHIA
Light Anode | + +
Current is “negative” or out vV —
of the p-type side (anode) T~
Cathode| - -
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Metal Semiconductor

noTeHUManbHbIM Hapbep, 06pasyroWMnca B MPUKOHTAKTHOM
cnoe No/ynpoBOAHWKA, FTPaHNYaLLErO C META/IZIOM, PaBHbIN
pa3HoCcTK paboT Bbixoaa (3Heprum, 3aTpaymMBaemblx Ha
yAa/NieHue 31eKTPOHa M3 TBEPAOIO Tesia UN UAKOCTU B
BaKyyM) mMeTan/ia U NoaynpoBOAHUKA

/1

Schottky pn junction
diode diode
—svoiv ¥,

a
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bapbep LLUoTTKM 06naaaeT BbinpAMAAOWMMN CBOMCTBAMU. TOK yepes
Hero NPy HaJI0OXKEHMUU BHELIHEro 3/1IeKTPUYECKoro noaA co3gaeTcH
NOYTU LLe/IMKOM OCHOBHbIMU HOCUTENAMM 3apAaaa. KOHTaKTbl MeTann
— NONYNPOBOAHUK € bapbepom LLUOTTKM LUMPOKO UCNO/b3YHOTCA B
CBEPXBbICOKOYACTOTHbIX AETEKTOPAX, TPAH3UCTOpax 1 poToamnmoaax

Mpn NPUNOKEHNM NPAMOTO CMELLEHMA TOK BO3pacTaeT C
3KCMOHEHUMANBbHO C YBEIMYEHNEM HANPAXKEHUA

Mpw NnpunoxKeHnn obpaTHOro cMeLLeHns BeamdunHa bapbepa
yBeNYNBAETCA, M TOK onpeaenaeTcs TYHHeIbHbIMM NPoL,eccamu.

; n-type
Vp o— Metal ype

semiconductor —

(a)

S
Erm oL SRS o I‘,H
i

(b)

/

-—

o —>

Epy
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Mectal Semiconductor
Equilibrium

Tunncling
(electrons)

Mectal Semiconductor

Metal Semiconductor

Reverse Bias Forward Bias



[ eTepOoCTPYKTYPHLI

[eTeponepexos - KOHTaKT ABYX Pa3/INYHbIX NOAYNPOBOAHUKOB C
PA3/IMYHBIMU TUNAMM MPOBOANMOCTHU



[ eTepOoCTPYKTYPbLI

OnpepeneHuna:

CpoAcTBO K 3/1€KTPOHY —
3Heprma Heobxogmmas, yTobbl
3NEKTPOH M3 30HbI
NPOBOAMMOCTM NepeLlen Ha
YPOBEHb BaKyyma

MoTeHUMan MOHU3aLUN — SHEpPTUS,
Heobxoanman BaIEHTHOMY 3/IEKTPOHY
ANA nepexona Ha YpoBeHb BaKyyma

Vil 3

X1

4| L2

£l

Type |

4

El’ i |

X2

2

V2

Erg

Type 11

Eyy

Type Il: Staggered (small Eg material is
outside of large Eg band edges — either

- T e non@bove or below)

Vs Type |: Straddling
(small Eg material is
within large Eg band

edges)

X1

L]

f'.-l 1

Y2

Eg.

Type 111

Eyy

Type lll: Broken Gap (One band edge of
small Eg is within large Eg band edges —

either above or below)
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----------- '
f’ ¢
Equilibri /
uilibrium | pmmme——————— )
~C| 'l' f, L"
5 .
!I '..'l'l
Forward bias A | E
___________ - R 4 | T —— '
~uilibrium - N i i ol B ity Lk il - ’:
————t———— [, !
!
e ——— - !
e Reverse bias !

eElectrons may be easier to inject (lower barrier as in this case) than Holes or vise
versa making these junctions inherently asymmetric {useful in both transistors
and optical devices).
sHeterojunction Emitter-Base junctions in Heterojunction Bipolar Transistors
result in increased emitter injection efficiency using this effect
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AR coating
Y P [} Al Gy, As
[ : 3 1 Tunnel junction makes a
o3a3dg, .

5 T\ [ laasom s semiconductor-
P! . .
) i‘l semiconductor ohmic
N contact between sub-

= Gals

N cells in tandem devices.
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OnTnyecKkoe noriaoweHume

Light with photon energy, hv < Eg
1s not easily absorbed. A
convenlent expression for the
energy of light is E=1.24/A where A
1s the wavelength of the light in
um.

Light with energy, hv > Eg is
absorbed with the “unabsorbed”
light intensity as a function of
depth into the semiconductor 1s I(x)

— =X
=1e

where Io 1s the 1nitial light
intensity, x 1s distance and o 18
the absorption coefficient
[1/cml].

Ihv{Eg

hv>Eg

Light (1,v)

:

Semiconductor

o -



OnTunyecKkoe norsoueHue

105[

absorption coefficient ( em™ )
=

101;

10~

200

absorpton depth (cm)

N T T T —

1000 1200 1400

wavelength (nm)

2
400

10" ;

1000

400

wavelength (nm)

The absorption depth is given by the inverse of the absorption
coefficient, or a!. The absorption depth gives the distance

into the material at which the light
about 36% of its original intensity

at that wavelength drops to
(by a factor of 1/e).



OnTuyeckoe nornoweHme. NpaMmo3oHHble
NOYyNPOBOAHUKN

Direct Bandgap Indirect Bandgap

Conduction

pand ‘ JLECo-nduCtiﬁrl
Probability of a band
“direct BepoATHOCTb NPAMOro nepexoaa Bbilue.
transition” : OnTnyecKaa NAOTHOCTb NPOMNOPLMOHANbHA
from valence b 'l"“"'" E,=11eV BEPOATHOCTU Nepexosa
band to - . -
conduction
band is high! Valeiss Valonn

Caks Si

{a) h)

FIGURE 1-12
Energy-band diagram with encrgy vs. momentum for {2} GaAs (direct) and (b) 81 (imdirect)



BbiBOAbI

1) BCnOMHUAM OTINYMA NONYNPOBOAHUKOB OT METaNN0B N ANINEKTPUKOB
2) Y3Hanu yem NoNynpoBOAHUKM pP-TUMNA OTAMYAOTCA OT NO/YNPOBOAHMKOB N-TUMA

3) U3yunnm pasnmyHbie TUMbl P-n Nepexoaos
4) Ha cnepytoen nekumm byaem naydyatb GOoTONPUEMHUKHU



