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R 0 o (deformation potential V2ER (m* kT) longitudinal vibrations;
(ﬁﬁ) theory), r=0 E; = 0gdE,/de;

Ey —energy of allowed band

KEIAH/UEE, T= TOEO, <r> oC [exp(ha)o / kT )— 1] et ol of unds

cell before deformation

—e |

T<<0D’ l% IN —j Optical vibrations @M (fw,)' % wy — limiting frequency of
(T < @p) in heavily doped 2n V 2m¥ (1Ze): longitudinal optical

]2 pasy -~ E crystals, r=Y, vibrations;

RETA/EEL

x [cxp (:—?)— ‘](l'“f“) Ze —ion charge;

y — factor representing the
polarizability of fons;

f —Fermi function;

8p — Debye temperature

_ 0 1/2
T<<0D,{Ep_j b= TOS ’ <T> * T

3/2 3/2 N :
4T~/1b$m% T = T()g , ,Ll oC T Optical vibrations aM  (feg)z

(T« 8p) in lighty 2 VomE (1Ze%)
(3'5% ig) TABLE III. Approximate € and T dependencies for electron-scattering

AAVACTH  T=7,87, gV e _
(ﬁﬂ) Temperature

Scattering Energy dependence of

= 0 0 j dence of 77 nondegon ydegen
=] ﬁ*ﬂ% T=T,, UX T mechanism depen u
Intravalley acoustic phonons €~ V2 T-' 7 ¥
Intervalley optical phonons e ' T-!' T-¥ -1
Ionized impurities e i 737 T:
Heavily doped semiconductor, P.86 Alloy di:-:.orcler' ) e 1 T:: ;0‘ 172 ;0
A model for the high-temperature transport properties of heavily doped n-type silicon- Neutral impurities € T

germanium alloys, JAP 69 (1991) 331 Fig. 3 —
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m 4.1 V=q(E+V><B) /.
dt T B/ WPEMA |
m* i+l v, :q(E—|—va) B 324 Hall ZHEOER
dt T
d 1) _ 2 i =g(-B
" (dﬁr)v m(dt+rjvy 1= 5v.)
et
V. =—— E—Q)CTVy
m %
v, = w1V, v, = 0 W, =eB/mc
Sfd 1
m| —+— V ZQ(E _BV )
d Hall X
t T ) E,, 1
H qHTE . _1g TE Ry =— =
Ly =— o JB  nq
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[.B. Valdes, Proc. IRE 42, 420 (1954).
F.M. Smits, The Bell System Technical Journal 37, 711 (1958).
S. Murashima, F. Ishibashi, Jpn. J. Appl. Phys. 9, 1340 (1970).

os = — Cla/dsd/s) s Y ot MIRICO B Mo - b DA
I . I s V =

Ps ==
- I B8n2
® 1 0B ® 2 A
AR THRENREBETIBAOME AE VRS LA T ERR & WE
e T2 WAOMERMC
% 3 — ,_’ ‘/ 4
7 3 s E] i g
4 ------ do -’ Ao A e i £ A ——————
v
Pgm==—C Pg=— —C’

d/s clrcles dias d/s a/d = 1 afd = 2 afd = 3 afd & 4 dfs afd=1] a/d=2] a/d =3| a/d 2 4

1 e | The s oo | o0

1.25 . 1. . A B

s, Low | Lem | oamo wous | e | 0. s 3 R

b eIl i -+ oo | oens | oane

fo | wme | ores | B | Gme | ormw o | oam | owe ) e | ow  EEAeOMVERM O KISH R P ME

5.0 3.3625 3.5008 3.5749 3.5750 3.5750

7.5 30013 4,0085 4,0361 4,0362 4,0362

10.0 4,1716 4,2209 4.1357 4.2357 4.2387

2.0 ot e | vEm | e | ol v/s Flv/s)

40,0 4.5076 4.5120 4.5129 4,5129 4.5129

- 4.5324 4.5324 4.5324 4,535 4,534
0.4 0.0905
0.5 0.8974
0.5555 0.5948
0.6250 0.9808
0.7143 0.9708
0.8313 0.0600
1.0 0.9214
1.1111 0.8807
1.25 0.8490
1.4286 0.7038
1,6666 0.7225
2.0 0.6336




Van der PauwE

L.J. van der Pauw, Philips. Res. Rep. 13 (1958) 1.
e 2 FUIN L 72T, BEMABRIZERL 2t L. BEARCDH OBV % HE

Rypcp™ VCQ/ N ‘ N
TABBCHIZ i, 23 L. BHDAR OEILY,, % HIE

Rpcpa™ VDA‘/]BC ‘ o e A
BABACRNC VL, A L SORHENC T RER B BE B O Wb 4 FA
BMBDRIZA U 2 EE 2V, A

ARAC,BD: Van/ Inc

7id . (RAB,CD + RBC,DA) .

— R
p=s > /(R)
n= B T d ARAQBD
q-d- ARAC,BD Hall B. P
LD 3 xp(ln2/f) In2 R-1
SIR): TERFHIEAREL w = COSh{HTﬁ} AP Ug
# 2 Vander Pauw {EIZEB T 2 RGBSR f
RAB,CD /RBC,DA f RAB,CD /RBC,DA f
1.0 1.0 1.4 0.9903
1.1 0.9992 |1.5 0.9860
1.2 09971 |2.0 0.9603 DD )€
1.3 0.9941 [3.0 0.9067 -




表２　Van der Pauw法における形状補正係数 f

		RAB,CD / RBC,DA

		f

		RAB,CD / RBC,DA

		f



		1.0

		1.0

		1.4

		0.9903



		1.1

		0.9992

		1.5

		0.9860



		1.2

		0.9971

		2.0

		0.9603



		1.3

		0.9941

		3.0

		0.9067






van der PauwiE

L.J. van der Pauw, A method of measureing specific resistivity and Hall effect of
discs of arbitrary shape, Phil. Res. Repts., 13, 1 (1958)

It will be shown that the specific resistivity and the Hall effect of a flat
sample of arbitrary shape can be measured without knowmg the _current
pattern if the following conditions are fulfilled:

(a) The contacts are at the cu'uumicrmce of tht, sample.
b) The contacts are suf_ﬁuent]y cma]l

(
(¢) The sample is homogeneous in t}uckness
(d

) The surface of the sample is singly connected, i.c., the sample does not
have isolated holes,



Van der Pauw &
B MR D AL

Square or Square or rectangle:
Cloverleaf rectangle: contacts at the edges
contacts at or inside the
1 4 the corners perimeter
S L+ -4 *-
&\ /< '
2 3
(2) (b) (©)
Preferred Acceptable Not Recommended
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Van der PauwiEI(Z &K HHallREFF 8 & Ex

Causes of incorrect carrier-type identification in van der Pauw-Hall
measurements

Oliver Bierwagen,” Tommy Ive, Chris G. Van de Walle, and James S. Speck

APPLIED PHYSICS LETTERS 93, 242108 (2008)

- . 1.00
= 8 @
0.10' /| - — L0 0 —n— homogeneous —e— linear gradient
(i1 NN square hole —v— square high ohmic hole
1114 ° L1 - edge inhomogeneity 10x —<— edge inhomogeneity 100x
. (| 010 || \\ 0.10 concentric 0.10 to 1.00 —e— concentric 0.60 to 1.00
11111114 VAAN, AL —%— concentric 1.00 to 0.10 —*— conc., off center 0.10 to 2.05
| = 1.2 5 =
= s i i
rci 1.[123 "0.10 1.0 —_ T
L. e 0.8—_ .
B=0 @ B=05T Hg 0.6 - |
. . 10,95 E 1
©0.950 0.475 0.950 0.2 109 n 0.4 .
‘3 o 0.2 .. 4 correct  _
= =z 1 _ : /carrier type -
8 O 0.0 - @ A .
2 i | wrong
5 L] »
z : 0.2 1 _ carrier type-
S - 10.00 0.4 1 1
/. 4] ’
0-475 0.600- 0525 040i00 06—
~ 0.0 0.2 0.4 0.6 0.8 1.0
center -« contact position (I/L) -«—corner
= ‘}-‘JSQ--. Oll.-f-?S ll.‘}Sll‘_ : %) O(}.:'!(}(}
= J e 2
= ¥
= E : 2 Positive Hall coefficients obtained from contact misplacement
= oo py e on evident n-type ZnO films and crystals
2 #7TTIO)), T N@)
g=.¢ 347 II'\. "'9““ 0459 \\ 0.000 Takeshi Ohgaki, Naoki Ohashi, Shigeaki Sugimura.” Haruki Ryoken, Isao Sakaguchi,
o &= e Yutaka Adachi, and Hajime Haneda
|\ e : J. Mater. Res., 23 (2008) 229
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SREDARI ZITEENT NS
V... =BIR,/t + IAR

(0]

- Wiim e RERS B THIE
V.~ =-BIR,/t + IAR

obs

== (Vostr o Vobs_)/ 2= _BIRHall/ t
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Non-equilibrium statistics dynamics
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= b=

REGHIRETOFREFIR

INTGA—B(m &R D
EETBEHRN, D HEEHETS
REEZEDE)ZHET S
OKTHHDIREFZEZZ . ZATWAIRILX—EFETO
BTN, 58I 5 (ERPHESEH).
E. BMGRRICKSHNEL T, N\ RREH#L,
CBM,VBM®D I RI)LF— Eqpy(x), Eypy(X) DR ZHRE/INSA—4,
Ecpn(®) 5 Eypy(x) MHIBE| BRI E

p(x) = Neexp(-(Ecpm(x)-Ep)/kgT)

Pn(x) = Nyexp(-(Eg-Eypp(x))/kgT)
ETET D,
Possison® A

d?Ecgpi(x)/dx? = e(-p(x)+py(x)TNp (X)-N, (X)) /€
BT AL, 5 6 =xEEEIESIZAEL



FEHEHARETDOHEFIE

FEHRE: T/OLMEORMELREL, RIZALTHS.

EFIREE: v /0 YHEORRBZEL XTI, RONERIZHLT
IRILF—DPRHRFOHAYLHY . EEIRETIIEL,

- BFARNATNS: ERREBTEHSH., EHEHRE TG
s INMT R RESD, etc.: R RLIL

* Eg IS—RREVLSEHENFEZEL: B

e Boltzmann®)&gEE;

- BRI(EMR)EHROAER

%

AL




FEEHREBTOXYIT7 DS

dn+An) 1 e<z'>

=—VJ,+G,-U, J=eDVn+en——*E
dt e m

e

dAn(x) _ D 0> An(x) )8An(x)+G (x)~ An(x)
dt "oox’ Ox ! T,

dAp(x) D 82Ap(x) N ,upE(x) 8Ag(x) +G, (x)— Ap(x)

+ ,unE(x

7 o X :
BRIl HhER Y] kR BEEA

BoOTILSEEST

E
n=n,+An=N, exp[—

Fp o EV
kT

Ec _EFn
k,T

) p=po+Ap=NVeXp[—

J



JEEEHRET EE
RO BT S
HEt oM Fermi-DiracoMEE  fo(E) =

III

1
1+ exp[(E — Efo)/kpT]

IFRNF—EZLORFAAHILED D(E)

;%ﬁéﬁlf_lﬁfﬁ%z REEE . "
RIZAEOEFAIRILF—ED —

Pl AR no(E) = fo(E)D(E)

JEFHNIRRE: et MBS (E,r k1)
ERODBIENVE

f(E.x.k.t)=f,(E)+ f,(E)



RILY= DEEFER
Boltzmann equation
af _ () Ldrp o dk
dt (at)r,k 2Vl Vi

pop®® g X
- dt KT dt
af  (of F
i (g)r,k + v f + oW/
BELIE YL EE K)JrIg
NHELTEB EZERSHBS

a _(%\ |, v E|7f
—_ = | — — e —
dt \at) viVef — e Vi
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BT /N\AMR: IEEER (BWLE. FEHLE)

E?liﬂ::ﬁk ywb (Ep) BN —I25&51CESH

&R: BFEE(E TTEHLLEL
BRI RILEX— ~E) + %mvth2
(vx>~ % kT
mEICKHEEZEICKY ., BB ERAICHAER

Ilo

L Btk: BTHE Neexp (——~<7)
RIS L S MFHEEIT LY. FB AR HR




Boltzmann 5 FE =X : FUEL 0D 6% F0 85 UL Ll
Boltzmann &R
7 = (%)k + OV, f — e Vif

af _ _f-fo
dt T

Boltzmann-Bloch equation (for steady state)

Sh =Vk\7rf+%\7kf

T
f=fo_(0f of
— — (L v F——
. ot trk“’“ o/ i o

dfo dfo
f~fo —T<¥> — UV, fo —Tkaﬁ
trk



EFEEOERSTEN

FHIREOTTILSEA: BRPEEH

| DB EYE + N, = | DB - FEIAE +1p*
E

C Ec

%ﬁt%ﬁﬁ*ﬁ@ﬁﬁ{%:;ﬁ?‘/‘zd)ﬁﬁﬁ
p(x

V2p(x) = —

p(x) = —e[n(x) + Ny~ ] + e[p(x) + Np ]

0o Ey
n(x) = j De(EYF(E)AE () = f Dy(E)[1 — f(E)E
Ec —00
BRI BEHEX

of of
f~fo—7 (6_:> — Vgl fo — TVkFa—;
t,rk

NUFEBELER hZ

E, = —V.E, EnEEaEs E — E; = k?

*
2m,



SR —ERERGE

dfo dfo af
f~fo— T<E>trk —tiWfo—wF oo =fote TVkEa—;

| = —e f vidk,dk,dk,
— —e [wD(E)f(E)dE
= —¢ [ wD(E) :fo + etvi E %] dE
= —¢ [wD(E) :eTVkE %] dE

2
Jx = —€* j V2 r(E)D(E)ﬂdE E, —% j v, *T(E)D(E)fo(1 — fo)dE - E,
ofp 1
o —kB—Tfo(l — fo)



EEE. FHEMNRE. BEIE
- f v, 21(E)D(E)fo(1 — fo)dE

Oxx = kgT
- 3mek Tf(E Eo)T(E)D(E)fo(1 — f(l))dE 3
E—Ey= Emer = Emzvxz

e
Oxx = ENyy = eN—(T)
e

. ] D(E)fo(E)dE

() = — =2 f (E — Eo>r<E>D<E> dE/ j D(E)fo(E)dE
xx:_*<T>
me



Conductivity of metal
FIF—HE. REMHOYERZE. NEELR (2017)

f (E — EQ)t(E)D(E)fo(1 — fo)dE

Pox = 3mekBT
J2Zm2/3
= dk — El/ZdE
D(E)dE (211.)3 n2h3
e? df
o = -m j (v @ v)T(E)D(E) 5> dE (v ® v)yj = vy

(2 )3 f(v ® U)T(k)fo(l fO)dE
2e” fv,fr(k)( fO) dE = e*tD(Ep)v,*

Pxx = (23 OF

= ; e?tD(Ep)vg?: Electrons around Eg can contribute conduction

D(Ep) = “;;;3 12 RAT B,

Oxxy = = e21: Usual relation
m



Transport theory: Relaxation time approx.

Carrier density
n. = [, DB (B

Conductivity and Mobility

O _ =¢en

X e e* <Tl>—’/«ldrlft
m
<r">=—3 “(E-E, )(E)D (E)ﬁfe(E)dE/n
3 JEC " 7 OE e
(E,T)=7,T°(E-E, )"
BlZIEXEERHETIX p=0,r=1/2




Hall effect: Boltzmann equation
AKBEZ FASE. FERXOEFYHENLZE. ERAELE (2005)

e’n T e \2 e
] = mp [<1+(wcr)2>E T (m_Z) <1+( T)2>B(B E) T m <1 (wcr)2>E X B]
When B -E =0, w,T K 1
- 2)E><B]— [ e<T2>E><B]
] - ¢ me (T)
_ (%)
], =0E, + a,uWEyB
_ (%) _ e (1%)
]y—UEy_U#WEsz 0= Ey—me )
Jz = 0k,
F = F%‘ﬂBz]x . 1
y = o 1+(FHH)2BZZ _a z]x
Ry = —';—HBi (for electron)
2
Fy = = {0, : Hall factor uy = Fyu: Hall mobility

(0?2’



Hallh &

R FHall /qn  Ngan = Ne/Fya
HHall = HarifeF Hall

Hall factor Fyay = (72)/(t1)°: 0.9 ~2

0fe(E)
O

(=3 ] &= Ewr@pce)

ﬁﬂﬁﬁ@l*»# RFHE
= RYJFBEIELHABEIEDT L

dE /n,




R,=F,,/qn

HallEF F,,,

Fan: ACELBERE (KT

2.0

181
16|
14}

YHall

12F

3157/512 ~1.93

—-1/2
r=r,&""
N-=5.3%10'% cm™

37 /8~1.18

1.0}

0.8

-0.2

0.3 04 05



WNAWALFBENE

1.8}

3157/512 ~1.93

‘FUTMBEINE (BE): 1e=E / Vair 1.6
EEEBE p=c/(en) ESPoTnERE? _F14)
-HallB B : Hall 3 R A SHallfR8R, % 05 12} B~

H —
V,=R,IB,/dR,=1/eny, =v/en 0 ;R

M = O / (eny,;) = g

(y=1-2: HallRF, BELEF) %201 0 0102 03 04 05
HEBERE: FO-IAOOEELOSEETREASHE
-MOSFET# 8hEE

BRPE. ERVDRBRDE. BANBDE
- Time-of-flight (TOF) B &
INVAEBRE-L—Y—@iaE TR —h v 7EERL.
XA EBICEZET SREIBBEZRET S
v=pE = uV/L, At=L/v: pyor = L2/ (VAt)

BSENNRBEE



ENEEICHEZS5E: Band effective mass
1 1 0°E, (k)

Sn02 m. R Ok
: 7
N> - z
< P
S —-———--<\ ]
© R 14
% -5 << |, &
S v 13 5
> T < 1° ¢©
_10F 1, &
12
-15] 11
I > i
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BENEEICEZALEE: EF—HBFHEEH

BFERAMNDAF U EHBEERTSHER.

ANBEEMNELS => Polaron
HEERMNSEL, BFIXB/EIELTULVELY: Large polaron
HEERIEHLS, BFIFELMBFRIZHAEIE: Small polaron

Frolich polaron model
m*=my*(1 +0o/6+ )

e’ |IE 1
= ome, A* |.ﬁm (E —E, )
0.068 for GaAs
3.8 for SrTiO;

H. Frolich: Adv. Phys. 1954, 3, p. 325.




WAWALGENEE
NOREYDEE: EFABNTE/ N AUFEEICEZELLGL

I 1 9°E,(k)
m h® Ok’
FUTENER: BRABCKERTA4 U EREER
€t m* 94 2
H=— ~=1+—+0.0236«
m m 6

e

o.: Frohlich coupling constant
GaAs: 0.068 SrTiO, 3.77

NEEETDEE: m OESE. LEEZER

J2 JE-E
D(E):MC 72_2 \/ h3 - mde3/2
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N(E)=MC ;/ZE vV Ethc m, 3/2

e

s AE
FERFEAEDE,) g 16\/572'

BIREFEE REVLUSNORERDGNFELTGs/ AR TIE,
REZEEAEDEEm [FFr)T7ENEED ITFLL

3/2
2 T
chz( m;;kB j M,

IN—RBAL-ERD T & ( 3N, j”

mde

1 * 3 *
%Ef; Eme vl‘h2 = EkBT Vth = \/3kBT/me
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