Defects



Types of defects

e Structures of the solids considered have
been ideal, I.e. devoid of defects.

® Real materials contain structural defects
which can dominate their physical and
chemical behaviour.
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Disordered?



Definition:

A structural defect Is thus a
configuration in which an atom, or
group of atoms does not satisfty the
structural rules belonging to the
Ideal reference state of the
materials.

There are many different types of structural
defects. Defects are spatially localized in some way,
l.e. defects are structurally inhomogeneous.



Zero-dimensional (point) defects:

e An atom may be missing from a lattice
site, thereby forming an atomic
vacancy.

e Another type of atom may be present at a
lattice site, forming a substitutional
Impurity defect.

e An atom may be situated at an
Interstitial site between lattice sites.
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One-dimensional (line) defects

b
e Translational ]-- [ [ ] j |
displacements
of atoms
(dislocations). ‘ ‘
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Rotational displacements (disclinations).




Two dimensional (planar) defects

e Low angle grain boundary







V-shaped crystals in chemical vapor deposition (CVD) prepared
diamond film grown on Si substrate

P.B. Barna



Amorphous cases?

Types of defects?



Dangling bond (positive U)

It Is simple a broken or unsatisfied bond
In a covalent solid. A simple dangling bond
normally contains one electron and
electrically neutral. But! Under certain
circumstances the electronic occupancy
can change!

(U 1s Hubbard energy; electron-electron
Interaction)



In amorphous silicon the atoms form a
continuous random network. Not all the
atoms within amorphous silicon are
fourfold coordinated. Some atoms have a
dangling bond. These dangling bonds are
defects In the continuous random

network, which cause anomalous electrical
behavior.

Dangling bond (DB) has ESR signal!

DO: D*: D-



Avoid DB

If desired, the material can be passivated
by _hydrogen, which bonds to the dangling
bonds and can reduce the dangling bond
density by several orders of magnitude.
Hydrogenated amorphous silicon (a-Si:H)
nas a sufficiently low amount of defects to
ne used within devices.




Dangling bond (negative U)

V1. column elements:

a. End of chains, one coordinated atoms.
b. Junction, three-fold coordinated atoms.

No ESR signal. Electron-Phonon
Interaction

Coordination defects



Wrong bonds

A-A, B-B bonds in AB alloys instead of A-B
bonds



Electrical
conductivity



General aspects

Electrical conduction of amorphous
semiconductors consists of :

e 1. band conduction
e 2. hopping conduction



1. Band conduction
(electron and hole)

Band conduction in undoped amorphous
semiconductor characterized by

6=6,exp {-E,/k, T}

where 6 and 6, are electrical conductivity
and a prefactor. £, k, and 7 are the
activation energy, the Boltzmann constant

and temperature.
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1. Band conduction (2)

Band conduction in doped semiconductor Is
also given by Arrhenius Law:

6=6,exp{-E,/k,T}

where 6 and 6,are electrical conductivity
and a prefactor. £, /s the activation energy
(from/to impurity levels).



2. Hopping conductivity

a./ nearest-neighbour hopping

Nearest neighbour hopping is well known
In crystalline semiconductors, in which
electrons hop the nearest-neighbouring
sites by emitting or absorbing phonons In
n-type (p-type) semiconductors. In
dielectrics this electron hopping to the
nearest point-like defect. Results to

Arrhenius Law 6,=6,,exp { - A/ T}




Experimental data on hopping
conductivity to nearest neighbors
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b./ variable-range hopping

Variable-range hopping Is particularly
associlated with tail states, in which
electrons or holes In tail states hop to the
most probable sites. This type of hopping
conductivity Is characterized by
temperature variation as follows

(Mott law):
6,=6,,exp { - B/ T}




Derivation of Mott law (1)

JlmuHa JoKamM3anuu B IIPUTATHBAIONEM KYJIOHOBCKOM TIOTEHIIHA/TE
U= —¢?/r, co3gaBaeMOM eIMHAYHBIM 3aPSAJ0M €, Ha3blBaeTcd GOPOBCKHUM
pajuycoMm apg = h?/(me?). Yposuu sueprun E,, u acCUMIITOTHKA BOJTHOBLIX
byHKIII 9/IeKTPOHA B aTOMe BOIOPOIA 1), 3aBUCAT OT TJIABHOT'O KBAHTO-
BOTO IHCJIA Tt U PABHBI

E, = E_217 Yn(r) — C(n)r"* texp (—
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) nmpu r — oo (4.3)
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B nonynpoBoaHMKax 60poBCKuit

paanyc NPUMECHOro LIEHTpA:
B BbIpazKe€Huec JJId KOTOPOI'o JAOILIOJHHTEJILHO BXOIWUT AHUIJICKTPHYCCKAA
IIPOHUOAEMOCTD 27, a B SBHaME€HaTeJIe CTOUT BMECTO O6quHOﬁ Sd)d)eKTI/IBHaH

Macca JeKTPOoHa m™.

Takum 06pazoM, BEPOSITHOCTD MEPEXOI0B 1/7;; MeXKAy MEHTPaAMU ¢ U j
IIPOIIOPITAOHAJIBHA, IIPOUBBEEHUIO JBYX IKCIOHEHT. COeJIMHUM KarK 1y
1apy HPAMECHBIX IIEHTPOB BOOOParkaeMbIM CONIPOTUBAeHNeM [;;, obpaTHo
IIPONOPITMOHAJBHBIM BEPOATHOCTU MEPEXOOB:




Derivation of Mott law (2)

€POATHOCTD IIepexoa (IPbIKKa) JIEKTPOHA ¢ OZHOIO LEeHTPa Ha JPYTOM:

— o F(pij, fi. £5) [ 1M, 6(hgs — Ayj) d®q ox

T@j
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x Fgij, fi 1)) | 03¢ 05 | WF(.)~exp(-5; IT)

(s 3mech CKOpPOCTH 3ByKa). MHOXKUTEIb exp (igr) MOm HHTErpajoM B
(4.5) — aT0 BoTHOBAA (pyHKITN (DOHOHA, & JeIbTa~-(PYHKIIAI 00eCIIeInBaET
BBITIOJIHEHNE 3aKOHA COXPAaHEHUsd SHePIun U ordupaeT (POHOHBI, KOTOPLIE
HY2KHO MCIIYCTHTb HJIH IIOIJIOTUTh, YTOOBI KOMIEHCUPOBATHL PA3HUILY YHEP-
Tuii Ha9aJIbHOTO W KOHEeYHOro coctoanmit A;; = ¢; — £;. B nepsom nipn-

O/MyKeHHM KBaJIpaT MHTerpaJja CBOIUTCA K MHOXKHUTETIO exp (—27,/ag).

Takum 06pazoM, BEPOSITHOCTD MEPEXOI0B 1/7;; MeXKAy MEHTPaAMU ¢ U j
IIPOIIOPITAOHAJIBHA, IIPOUBBEEHUIO JBYX IKCIOHEHT. COeJIMHUM KarK 1y
1apy HPAMECHBIX IIEHTPOB BOOOParkaeMbIM CONIPOTUBAeHNeM [;;, obpaTHo

IHPOIIOPIOHUOHAJIBHBIM BCPOITHOCTH IIE€EPEXOL0B.




Derivation of Mott law

(JcTaBUM B CJOydafiiol ceTke Abpaxamca—Mwuanepa JHUIIL Te Y3JLI,
SHEPTUsT KOTOPBIX MOMagaeT B uHTepBas i + &. [LmoTHOCTE y3710B N(£) 1
cpelHee pacCTOsSHUE T';; MeXKAY HIMHU B IONYIUBIIECHCS IIOJCETKE 3aBUCAT
OT IIOKa He ompeaeseHHON BenuduHbl £. Coceau B 3TOH MOICETKE COEIN-

Hennl coporuBienusMu (4.6), B KOTOPLIX BeJUYUHA Uj; PABHA

2 £ 2 3
Ui — 12 = + = 4.16
VT NP T e T (4.16)

OnpeaeanM € U3 yCJIOBAd, YTOOBI BEJUYINHA U;; OblIa MUHAMAJIbHA!
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CpeslHee M3MeHEeHWe SHEePTUN MPH MPBIXKKAX BHYTPH TaK OMNpeJIeJIeHHOMN
OJCETKHU €y N (T?’TM)l/ 4 a cpenmHAs IIMHA IPBIKKA
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Derivation of Mott law (2)

BepoaTHOCTE IpPBIZKKA Ha MEHBIIEe PACCTOSHHE YMEHBIIAETCH 3a CIeT
mHOKHUTETs exp(—A;;/T), a Ha Oomblllee — 3a CIET MHOKUTES
exp(—2ri;/ap). To, 4ro cpemnas JyuHa OpPbDKKA T 3aBUcHT OoT 1,
OIIPaBIBIBAET HA3BaHNAE STOTO THUIA TPOBOIUMOCTH.

Cpemngaa Jumna TPBDKKA T ABJIdeTCd PaJAyCOM B3auMMOJIefCTBHA
(A.10) ¢ ToukHM 3peHUsd NEePKOJISIIMOHHON Teopuu. HeTpysHO npoBepuTh,
9TO OHAa OOJIBbINE, YeM CpejiHee PACCTOAHHE MEeXKIY Y3JIaMHU B IOJCETKE:

_ L\
rij = ap (TM) LT,

XoTd caMa INOJCETKA MEHACTNCA C meMnepamypoﬁ, €€ V3JIbl, BEPOATHOCTH
MPbLIZKKOB MEZK/1Y KOTOPHIMU KOHEYHHI,

T 1/4
T) !

0bpa3yoT OeCKOHEUHBIHN KaacTep mpu Ja0boi Temueparype. ConpoTusIie-
HHE [OJCETKH PABHO
"y 1/4
P = pPo €Xp ( 7 ) : (4.19)
Bennauna pg 3aBucut 0T TEeMIIEPATypPbl CTELIEHHBIM 00PA30M, HO OOBIUHO
TOH 3aBUCHMOCTBIO IIPeHEeOperaror.




3akon Jddpoca—lllkiaoBckoro. Ilpu BbiBoie 3akoHa Morra mior-
HOCTh COCTOSIHMI ¢(£) BOM3U (PepMU-YPOBHST TIPE/INOJIaratach MOCTOSTH-
Hoii. Ho 3T0O He Tak mpu HaJIMYIUH KYJTOHOBCKOH IIEJH, KOTIA

o€ o () I g(0) =0 (4.25)

(d — 9T0 pasMepHOCTH MPOCTPAHCTBA, SHEPTUSI £ OTCUUTHIBAETCS OT dep-
MHU-YPOBHS — cM. dopmyirsr (3.22) u (3.23) B 1. 3). Kak u ipm BBIBO-
Je 3akoHa MoTTa, BBeeM CHMMETPUYHYIO OTHOCUTE/IBHO (i OKPECTHOCTH
dbepMu-ypoBHs i £ . UHCI0 COCTOSHUI B 9TON OKPECTHOCTH TEIepPh 3a-
BHCHT OT Pa3MepHOCTH d U paBHO

N(e) x (:—j)d.

3aTo cpeiHee pacCTOdHUE T;; MEXK eHTpaMHi, IIpHHAJIeKAIIIMHA STOM
J y
OKPCCTHOCTH, OT Pa3sMCPHOCTH HC 3aBUCHT:
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rii ~ |N(& N —,

i~ [N (e)) °

Tenepb MOXKHO IHOBTOPHUTH BCE PACCYXKJIEHHHA IIPEeAbIAYHIEro pas3eJia.

[TokazaTenp 9SKCIOHEHTHI IJIsT BEJUIUHBI COMPOTUBJIEHUST B TOJ/ICETKE
Abpaxamca—Mmnnepa ¢ pa3dpocoM sHepruii €,

(4.26)




3aKoH 2dpoca-LlknoBckoro (2)

ITokazaresib SKCIOHEHTHI JIJIsI BEJMYUHBLI COLHPOTHUBJIEHUS B 1I0JICETKE
Abpaxamca—Muiniepa ¢ pa3zdbpocoM sHepruii £,

(4.26)

rMeeT MUHUMYM [1pU

Emin — (TTES)1/27 TES

1, HE3aBUCHMO OT Pa3MEPHOCTH, CPEeIHA JJINHA IPBIZKKA
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T\ /2
P = Po €XP (T) .




Pa3nunyHbie pexmMbl NPbRKKOBOW MPOBOAUMOCTY

I T TepMqu CKasd JCJIOKAJIN3aliisd

l ! | HOCHUTeIIeH
exp (—£y/T)

[TpbIKKH © epeMeHHON AIITHHOMH,
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Veennuenue macrirada

]:T Ipexky ¢ nepeMeHHOU JITTMHOM,
3akoH Ddgpoca—LlIkmosckoro (7 < dg)

exp[—(Tps/T) ]



Experimental data on hopping conductivity
at various temperature regimes
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Experimental data on hopping conductivity
at various temperature regimes (2)




Experimental data on hopping conductivity
at various temperature regimes (3)

However, the Mott
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OHKaA rd 5
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Experimental data on hopping conductivity
at various temperature regimes (4)
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