Organic Semiconductor
EE 4541.617A
2009. 1%t Semester

Charge carrier transport in
organic semiconductors

K. C. Kao and W. Hwang, Electrical Transport in Solids, (Pergamon, New York, 1981), p.159

2009.5.12.

Changhee Lee
School of Electrical Engineering and Computer Science
Seoul National Univ.
chlee7@snu.ac.kr

1/41 Changhee Lee, SNU, Korea

. AR : . . Organic Semiconductor
Carrier mobility of Si and Organic Materials S e o1an
2009. 1%t Semester
Electron mobility of Si hole mobility of Perylene hole mobility of MPMP
i] | | = T ’,'._lllllll T TTIT
i | T = nn\n--lﬂ'f = 10
T = " LY =
o - b g Z
? Ne - ;‘I' ", . 10k
- s 4 -
i % -
o T s F/10*vem™!
! B oo
F 3 F :
C A 3 T
T | uF= 8kViem “, ] 0% ’
i eF= NkV/em “ .
H «F= 13kViem oy
4+ +F= 18kVem n e MPMP
I sF=22k¥em F
Wb s Fe2Tkviem B .c...d.‘@i@m,m.
o Wil CHy 71
) T/K 4 B 12 16 20 24 B8 R
: (1000K / T)2
370 nm thick perylene crystal 8.7 um thick unordered layer
of
MPMP ( sublimed).
2/41 Changhee Lee, SNU, Korea




Organic Semiconductor

Mobility Measurement Techniques EE 4541617A

2009. 15t Semester

e’ 1Y) e | -
- 1o / polymer
hy d2
T=—
1714
: d?
polymer . -
g Ve
TOF FET
Mobility in the bulk Mobility in a thin layer
d=0.5~5 mm d~50nm

Other mobility measurement techniques

 Dark injection in the space-charge limited current regime

* |-V characteristics of space charge limited current

* Transient EL

¢ SHG measurement [T. Manaka, E. Lim, R. Tamura, M. Iwamoto, Nature Photon.1, 581-584 (2007).]
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Ref.) Harvey Scher, Michael F. Shlesinger and John T. Bendler, Physics toda& Jan. 9.26 (1991)
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Transient EL Mobility vs TOF-PC mobility in Alg3
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For a thin layer of Alg3 (d<180 nm), it is found that t, is affected by both the charging effect
and carrier transit time through the Alg3 layer. For a thicker layer of Alg3 (d>200 nm), t,
approaches the intrinsic electron transit time through Alg3 .

S. C. Tse, H. H. Fong, and S. K. So, J. Appl. Phys. 94, 2033 (2003)
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In a monopolar and single-layer configuration, the
carrier transit time is shorter than in the absence of
space-charge effects due to the enhancement of the
electric field at the leading edge of the carrier packet.
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@ 11/41 Changhee Lee, SNU, Korea

Organic Semiconductor

Carrier injection efficiency EE 4541617A

2009. 15t Semester

2 Injection efficiency : 17*
9¢,euV v scLe
JSCLC =7 3 n=1 for ohmic contact
8 d -
3 7 <1 for current - limiting contagt
10 E T T 3 10 E Au/mica—>»| Carbon
E 1 ARE RN $1 b filled
r .08 P Daking. g [ Awrriaep M )
r2 = [ 1
104} Eo & N P
E s u PLi11)
F 20. 5\ ALO, polish .
[ =o. % 10k (1““’/"")\\ Au/Cr>
—_ E
(o] _ Nz o L]
£ 10°F 4 8 A
< E 1 £ Glassy E‘ﬁ‘v’ﬁ’r‘c?.‘.': "
E £ L carbon
o c
5 r 2 Ag (1D ~€ diamond polish
y maon
= i0 6 3 3 g (m’vfuml;o
F 1 Stk
o "meas(dc) 7 ; [
L E - <&— Freshly coated
107 i :Io: Q D
: o -O-O%
323K - w o
" i d=9.4 microns 7 <—aged in ambient
10 1 M| |0'3 1 i 1 1 1 i
ot 10° -1 -0.8 0.6 -0.4 -0.2 0
E (V/em) Hole Injection Barrier (eV)
AU 0,5, o 3 R 3 AR P 930, 85,2010,
@ 12/41 Changhee Lee, SNU, Korea




Organic Semiconductor

Mobility Measurement Techniques: TRM-SHG EE 4541.617A

2009. 15t Semester

1=025cm*/Vs

Dbocte b
ma

—r

T ey
‘_J_s( i
! )

[ Fuwwohole
10em

Position {pm)
=

v=4400ems

T T
100 200 300 400 500

Ar Taser puie Delay time (ns)
— u Pulgl T T T T T T T T
A / = | S .| D
:\zeﬁ:::{:m . + = 4008 I g 5L i
= @ [ 0 ] I ]
Tairts
T. Manaka, E. Lim, R. Tamura, M. lwamoto, Nature Photon.1, 581 (2007). % i
3 =al
g2 ; .- °
== T30 = ™ (200, 0, 0)E (0)E () E .| = i
:% 0 - Ir "
g1 . s W J oo
> o ¢ \T o o
Dlx) == / E(E ) p(x—E)d b
3 20(x) - (8o~ &)ds D—OQA?oooo L L
=0 -zox-m g 1 2030 0 10 20 30 40 50 60 70 80 90
position (um] L
T. Manaka, M. Nakao, D. Yamada, E. Lim and M. lwamoto, Optics Express 15, 15964 (2008). pasition [um]
@ 13/41 Changhee Lee, SNU, Korea

Organic Semiconductor

Charge Transport in Disordered Organic Solids EE 4541.617A
2009. 15t Semester
(1) Poole-Frenkel Model N
V(x) ( j \/E = B \/E
eE
Conduction band

Conductio
n band
e_cfgéc at E
Zero field (E=0) E+0
AE E AE ivati
W(FT ) = iy oxp (_ J exp [ B NE ] : Activation energy at
kyT kyT tpe E=0
3
B = | P . PE Mobility
TTEE

@ 14/41 SIE1E COmee Lee, SNU, Korea




Organic Semiconductor

Charge Transport in Disordered Organic Solids EE 4541.617A

2009. 15t Semester

(2) Gill’s modified Poole-Frenkel model
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W. D. Gill, I. Appl. Phys. 43, 5033 (1972).
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(3) Bassler’s Gaussian Disorder Model
* The energy of each site is distributed in accordance with the Gaussian distribution
* Energies of adjacent sites are uncorrelated and motion between sites is Markovian (no phase memory)

* The transition rates for phonon-assisted tunneling (Miller and Abrahams): et
_ &~ g’ > ‘\ & 'E;\:-;\—
W;=v, exp(-2aR;) exp( kT ). &> ¢, —0/ ~5 51 . S“‘ e
1, &>¢; o— -0 &

A. Miller, E. Abrahams, Phys. Rev. 120 (1960) 745.

o = inverse localization length, R;; = distance between the localized states, ¢; = energy at the state i.

« Since the hopping rates are strongly dependent on both the positions and the energies of the localized states,
hopping transport is extremely sensitive to structural as well as energetic disorder.

o s S
22, \\
8 (77, )/ X

IR SO

H. Bissler, Phys. Status Solidi B 175, 15 (1993). log —
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H. Bissler, Phys. Status Solidi B 175, 15 (1993).

M. Stolka, J. F. Janus and D. M. Pai,
J. Phys. Chem. 88, 4707 (1984).

1, (p)=a,p* exp(=2p/p,),
where p = average inter - site distance
and p, = carrier localization radius '“';L.—'u'a—ssL.—eé»—' =5

s“:{m“w-cni’l
P. M. Borsenberger, L. Pautmeier and H. Bassler,
J. Chem. Phys. 94, 5447 (1991).
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Hole mobility of MPMP
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Disorder parameters

¢ : The width of the DOS. Random distribution of both permanent and van der Waals dipoles lead to local fluctuations in electric
potential - increase ¢ by an amount proportional to the square root of the dipole concentration and to the strength of the dipole
moment. - reduce the carrier mobility. The smaller dipolar interaction is better for the carrier transport.

« 2: The degree of positional disorder. Amorphous morphology of molecular solids or doped polymers lead to the variation in the
intermolecular distances.
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P. M. Borsenberger and H. Bissler, J. Chem. Phys. 95, 5327 (1991).
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Parameters u.., & (energetic disorder bandwidth) and a (site-spacing) describing the temperature dependence of the zero-
field mobility g and field activation factor y for the different polymers studied
Sample Mo (v 5) o (meV) a (nm)
A six1n~? 112 12
B 40x 107" 121 17
c Léx 1077 9 L1
D 1.5x1077 9 12
P.W.M. Blom, M.C.J.M. Vissenberg, Materials Science and Engineering 27, 53-94 (2000)
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(4) Scher-Montroll dispersive transport model

Continuous time random walk (CTRW) W/ (t) ~t“
Band States
N s j (t) t_(l_a), 1<t
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- - i D a
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o £
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8 o
o
=
o
t=0 t=r Time t=0
her and Montroll, Phys. Rev. B 12, 2455 (1975)
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Thermionic emission

14 N —ed,
J=J [ex -1 J =AT exp(—*
ol p(kBT) 1 J; p( KT )

Injection limited

Tunneling

_b 8 \/T( ¢)3/2
Current JRE eXp(f) b= %
hmic (Doped semiconductor)
Bulk Limited J = epuE

CLC (undoped szemicond. or Insulator)

vV
Isce = ggogr#?
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Space-charge-limited current (SCLC)

OLED acts as a capacitor

Jsere = (charge density) x velocity

cv
d-area)x('uE)

PPV =(

28/41 Changhee Lee, SNU, Korea

14



Ohmic Contact (1)

Organic Semiconductor
EE 4541.617A
2009. 1%t Semester

Vo m leve
Poisson equation : ar _ an. g o e 5
x € b i g b
{ i [ A
. dn é. =k =y I Vix

Current flow equation :J = gnuF - gD— =0, L .

dx o . e R
since there is no external applied field. N ' ¢ N !
dl = ﬁFdx = 7q Fdx, ; . e = o TR ' contact (witha

n D k, sen. ventes
where the Einstein relation b = kB—Tis used.
H q avs
n q
s log—=—"—| Fdx
g n, kT '[0
From the boundary condition in the right figure, _ virtual cathode :
v()-(p, — 1) =4, Fdx. e YA @ _q
=0 dx
n=n, exp[—w], i.e., Boltzmann law. i
k,T
29/41 Changhee Lee, SNU, Korea

Ohmic Contact (2)

2 2 2 _
d id =— diF:77n:77q n exp[fw

& T e e k,T

]
. . L dy
Integrating both sides after multiplying 2(d—)
x

and using the boundary condition LZI—W =0wheny =¢p—y,
/x

dy ., _2¢’nk,T Y)-(p, = 1) (P=9.)
—) = : exp[— —exp[— 5
&) S el B expl =)
Integrating this equation gives

the width of the accumulation region

For semiconductors containing shallow traps confined in a discrete energy level £,,
T ZSkBT)l 2 ox (go—)(—E,)

W=x—(—
2 g N, 2k, T

Organic Semiconductor
EE 4541.617A
2009. 1%t Semester

2&k, T O— X T . P—9
W = (F525)"2 exp(=—2)[ = —sin ™ {exp(— ——2)}].

(o) eI —sin texp(- 0]
If -9, >4k;T, T
wa L2l ye oy 01

2 q NE ZkBT Metal Semiconductor

30/41 Changhee Lee, SNU, Korea
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Distribution function of trap density d¢

Virtualelectrode: — =0
X |y
h(E,x)= N,(E)S(x). el't]
1%
Poisson equation : ar(x) Y. P+ p, (x)].
dx £ £ oV
Current flow equation : J = gu, p(x)F (x). 1y \

E, E,
Pi(x)= .[E WEX,(E)IE, p()=N, exp[ - k ,T / Electrode \ Electrode
' B Organic semiconductor

For p,(x) =0,
2
2F(X)M:M:27J. .'.[F(x)]z— [F(x)]zzzi‘]x.
dx dx &u, &u,
CFoe |2
~F(x)= &1 X The distance W, between the actual electrode surface and
P

the virtual anode (-dV/dx=F=0) is so small that we can assume
F(x=W, = 0)=0 for simplicity.

d
Boundary condition, V' = .[) F(x)dx.

2
J :z 1, % Mott - Gurney law. (no trap)

31/41 Changhee Lee, SNU, Korea
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ITO/PPV/Au hole-only devices

2
J 9 V
< scre = G €06 M3
£ 8 d
v Fit using 42 =0.5x10"° cm® /Vs & ¢, =3
AE — . NF
U(FT )= exp| - 2EZ LN E
kBTeff
1070 —r
m?E L=125 nm
10" _1om
10° 2
< 107 E 0 L=125 nm
x 107 5
R g
104 L
10°F y
109 ) JPRT . L . .
0.1 1 10 32 36 4.0 44 48
-1
mes ) 1000/T (K')

P.W.M. Blom, M.C.J.M. Vissenberg, Materials Science and Engineering 27, 53-94 (2000)
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At low field, ohm's law holds if the density of thermally generated

logJ

free carriers p, inside the specimen is predominant such that
V__9 v’

qp,H, 7 >> ggﬂ,, Vi

The onset of the departure from Ohm's law or the onset of

2
the SCL conduction takes place when V,, = SM
£

By rearranging this equation we have
d 9 & 9¢
uN, 8apu, 80,
Therefore, the transition from the ohmic to the SCL regime

2
takes place when the carrier transit time 7, = v at v, JocV
H,Va

. . . . e £
is approximately equal to the dielectric relaxation time 7, = —

2
Atz, > 7,,ohmic conduction is predominant. Vv, = 8 ap,d logV

At 7, <7,,SCLC conduction is predominant. 9 ¢

K. C. Kao and W. Hwang, Electrical Transport in Solids, (Pergamon, New York, 1981), p.159

33/41 Changhee Lee, SNU, Korea
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. . Lo &
dielectric relaxation time 7, = —
O_O

op+p,) _

Continuity equation ¢ -V-J,

where currentis given by J=g(p+ p,)t,F —gD ,V(p+p,).

op qpH, 2
L2 p+ D V).
o ( . )p+D,Vp

If p < p, and p spreads uniformly over the specimen in a time

. . P £ .
comparable to the dielectric relaxation time 7, = —, the 2nd term can be ignored.
o

o

19 ap.H
SR pl) = plt=0)exp(4/7, )
7, is a measure of the time required for the carrier to re - establish equilibrium.

34/41 Changhee Lee, SNU, Korea
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Space-charge-limited current

Traps confined in single or multiple discrete energy levels

h(E,x)=N,0(E-E,)S(x)
. N,S(x)
Trapped charge densit xX)r —————
pp g y p,(x) +N 0,/ p(0)
N i
where 6, =8ty
t
2
Jsce = 3 £,6,M0, —
eff’

Ignoring non - uniform spatial distribution of traps

0,=—L— da,=d

2

Organic Semiconductor
EE 4541.617A
2009. 1%t Semester

ECB

Discrete trap levels

35/41
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]
| I
| I« s
| It Ji
: il % 7
| | s s
' | | [ g
| A | b s
| (_“IT | | S b ‘“ J
/ F 4 I
1A il RAY 77 éb
s /,/ | I| | E <‘ /f ! ) Ilhll |
F A A g5 §
y - i s Tl J&J
./ o A
| “a | i il
g K" % | b et __’/ I\;
S TEHIK /,/ | / > ./)”
| P / © o ¥ /|
[ = SN 2 i1 / 57 7
o - [-ggr;j ,": “ A I|
A JT=2a3% | / - o8
7 4 r ol i
> - f.-' { A : /
- - 7 ki /= o AR L)
‘o o
V (vaits) Varoge (V)
Fic. 313 The current=voltage characierstics of a-copper
phthalocyanine films of thickness of 4 pm
(1) 144.6°C, (2) 1169°C, (3) 96.8°C, (4) T6.5°C,
19 $4.2°C, (6) 33.8°C, (7) 209°C, highest hemt
treatment a1 200°C. |After Hamann 1968.]
36/41 Changhee Lee, SNU, Korea

18



Organic Semiconductor

Space-charge-limited current EE 4541617

2009. 15t Semester

Space-charge-limited current: analytic solution £,
n,=Ne "

Energy
E. N,
DOS = e T fup(EXE
Ec (ELumo) o E-E
E ‘:_‘:_.._ _______ zJ.EFie_ kr dE
F TR —0 kBT;
E E.—Ep
E.-E = Nle K,

G(Ey=te

t

]

nyam o
_ o n~N,(L)" =N (L)
Exponential trap distribution N N

c c
T,
m=—
T
37/41 Changhee Lee, SNU, Korea
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n,(x)+n,(x n
Poisson equation : dF(x) _ 4in, (] gn(x) _gN, Laeay
dx £, ge &g¢& N, logJ

Current flow equation : J = gun ,(x)F(x).

t

Flm dF(x) =£ J )l/m

dx g, quN, . Mott - GurneyLan_‘_._,.:
mi A7 J J—ga v
m F7= ) (7)””’)6. 8 ,Ud
m+1 £, quUN.
m+1 N, J -
F( ) (7 t )m+l( )m+l_
quN,

Boundary condition, V' = _L F(x)dx.

2m+1 m g, V"™ T -
l -m m+l1 0 m _ Tt 0
, m=-—*.
HN, ( ) ( m+1 N, 42 T V, Vg logV

Ohmic :>Trapped SCLC Trapped SCLC = Trap - free SCLC

qd N, p - m+l m+1 "2 J2 9N 1 1 e
v =499 N (Poyu " q N" m+ m+1 .,
o= ) Sy Ve s O Gt T

38/41 Changhee Lee, SNU, Korea
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Ca/PPV/Ca electron-only devices

10" g e ,
o Traﬁ&f&ﬁcm Trap—limited SCLC ]
0 310 nm E
300 nm... :
10" !‘ ]
- 107%E ]
(3]
E
E 107k 1
2 E
0%k ]
10° -.
10-5- . — ) X .
! 10 100

bws V)
P.W.M. Blom, M.C.J.M. Vissenberg, Materials Science and Engineering 27, 53-94 (2000)
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SCL current with an exponential trap distribution e sse1617a
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Trap - limited SCLC

2004 siiver
1
m/;mn.k mapsumsite J N | 24 _ T,
o NN, = —osr, m= .
g My, [variable 1Iuc|. e d T
—\pt{“gg_‘{':nss:mkl )‘ﬂ',
varahe thicknes:,
N ITO (150 square) 4 “ Et ~ 0'15 eV
Glass (tmm) MgAg Al TPD 18 3
LIGHT lehe & Nt ~10"° cm
T T 102
10%F 2 3 10
r- L
104 % 15, b 10
—_ r§ 10 1 10°®
< 10%f 1
= E | g
% % o
g 10%f Mgy Thkknauu) (10 ] 5 k. g 108
3 r aﬁﬁgﬂg@ 1 8
| -9
© 10710 o 10
r - +
1 > 1 1019
2 ) o 100A Alg,
10 o’ o BO0A Alg} 10"
. . L
0.01 0.1 1 10
Voltage (V) Voltage [V]
P. E. Burrows, Z. Shen, V. Bulovic, D. M. McCarty, S. R. Forrest, J. A. Cronin and M. E. Thomeson J. AEEI' Phxs. 79, 7991
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10*
S ©  measurement
“e 10 simulation
S 10"
< ~
= 10°
= 10°
w
g 107
(] .
= 10°
s -9
2 10
Qo™
- P 3 1
10 11
1 10
Voltage-V,; (V)
ey JEREE:
10°F(0) " - {20
=l u R . 18
S 10 o = N 1" lig =
E 10" M | 14 §
= “ 12
£107 «” . Jio =
10" Pl W o =
10" A " Jes
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41/41 Changhee Lee, SNU, Korea




