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Electric Characteristics of Organic Doping
Semiconductor and Amorphous Semiconductor

Elucidated by Admittance spectroscopy
Student : Ming-Ta Hsieh Advisor : Dr. Jenn-Fang Chen

Department of Electrophysics

National Chiao Tung University

Abstract

In this thesis, the equivalent,scitcuit:.models for studying the -electrical
characteristics and diffusion effects of a heterojunction OLED with doping layer were
established. This is first time to observe the effect of dopant diffusion in organic
doping device in the world. In a multi-layer OLED, each layer can be treated as a
resistance-capacitance (RC) unit. Moreover, each layer in the OLED commonly
shows an independent RC property, thus the geometric and electrical characteristics
can be investigated separately by admittance spectroscopy (AS) due to the differences
of RC responses. As a result, the electrical characteristics of each layer can be
determined by AS with a suitable equivalent circuit model Based on the circuit model
and capacitance-frequency measurements, the dielectric constant and/or the thickness

of organic thin film can be obtained exactly, which provides a rapid and convenient
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method to monitor the accuracy of organic thin film thickness during the process.
Moreover, the RC time constant of organic materials simultaneously can be obtained.
In the study of 1,4-bis[ N-(1-naphthyl)-N'-phenylamino]—4,4" diamine (NPB) and
2-methyl-9,10-di(2-naphthyl)anthracene (MADN) with various thicknesses, the
quality of organic thin film greatly depends on the thickness. As thickness increases,
the resistivity and activation energy of organic material are improved and shows a
saturate trend. Under the same thickness, the resistivity and activation energy of
intrinsic MADN are larger than that of NPB. However, the admittance spectroscopy
studies show that using MADN as hole transport material (HTM) can reduce the
amount of hole via HTM layer resulting in a well-balanced carrier recombination. The
green fluorescent 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5-
H,11H-benzo[/]-pyrano[6,7,8-ij]quinolizin-11-one doped device can achieve a current
efficiency of 21.8 cd/A and a power efficiency of 10.4 Im/W at 20 mA/cm” that are
65% higher than those of devices adopted NPB as HTM. The green-doped device also
achieved a long half-decay lifetime of 22000 h at an initial brightness of 500 cd/m’

In the studies of p-type doping organic materials, the effect of tungstenoxide
(WO3) incorporation into NPB layer 1s investigated n
NPB-tris(8-hydroxyquinoline)aluminium (Alqs) heterojunction organic light-emitting

diodes. The admittance spectroscopy studies show that increasing the WO; volume



percentage from 0 to 16 % can increase the hole concentration of the NBP layer from
1.97x10" to 1.90x10"” cm™ and decrease the activation energy of the resistance of the
NPB layer from 0.354 to 0.176 eV. Thus, this incorporation reduces the ohmic loss
and increases the band bending in the NBP layer near the interface, resulting in an
improved hole injection via tunneling through a narrow depletion region. In addition,
an efficient p-doped transport layer composed of an ambipolar material, MADN and
WO; has been developed. The admittance spectroscopy studies show that the
incorporation of WO;3 into MADN can greatly improve the hole injection and the
conductivity of the device. Moreover, when this p-doped layer was incorporated in the
tris(8-quinolinolato)aluminium -based device; it achieved a current efficiency of 4.0
cd/A and a power efficiency of 2:4 lim/W at 20 mA/cm’. This work paves the way to
simplify the fabrication of future p-i-n OLED with a single common ambipolar
MADN material.

In the n-type doping study, the electrical characterization of bathophenanthroline
(BPhen) doped with PAK2 is investigated by current-voltage (/-V) and admittance
spectroscopy measurements. The investigations show that the incorporation of PAK2
into BPhen is found to raise the Fermi level from 1.7 eV to only around 0.5 eV
below BPhen’s lowest unoccupied molecular orbital, which further enhances the

efficiency of electron injection from Al cathode. When this n-doped layer is adopted
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n OLED device, the green fluorescent
10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11 H-benzo[/]-pyr
ano[6,7,8-ij]quinolizin-11-one doped device can achieve a current efficiency of 16
cd/A and a power efficiency of 10.9 Im/W at 1000 cd/m”. In another n-type doping
work, the admittance spectroscopy studies show that doping cesium fluoride (CsF)
into MADN can greatly decrease the resistance of MADN and raises the Fermi level
from deep level to only 0.1 eV below the lowest unoccupied molecular orbital,
resulting in enhancing the electron injection. In addition, the diffusion width of CsF
from doped MADN layer into tris(8-quinolinolato)aluminium is clearly observed by
capacitance-frequency measurement and is-about 9:4 nm. Moreover, the diffusion
width is significant to be affected-by external thermal.

Detailed admittance spectroscopy measurements were made on a metal-silicon
nitride-hydrogenated amorphous silicon (MIAS) structure. Based on the properties of
hydrogenated amorphous silicon (a-Si:H), three simplified equivalent circuit models
under various operating conditions (accumulation, depletion and full depletion) are
presented along with an alternative direct measurement method at room temperature.
Admittance spectroscopy shows that the interface states density between silicon
nitride (SiNy) and a-Si:H can be determined from the depletion equivalent circuit

model. The resisivity and activation energy of a-Si:H also can be obtained using
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accumulation and depletion equivalent circuit models. These models can be employed

easily to monitor the fabrication parameters of thin-films transistors (TFTs) and to

obtain accurately and directly the capacitance model parameters of TFTs .

VIII



B IX
BBl & B oo XI
B oL 1
Lol 0 1

122 2 A R o i A 2

1-2-1 7 g £~ it —_;_T#j)ivlﬁl_ﬁ P 2

1-2-2 25 B B A e 3

13 By adh~ B4 4

1-3-1 B o 4

1-3-2 3% 248 T e 6

2 - U === - - [ I N 7
FEepe L B 10

R ERMEHAAHEGERAE S 11
2-1 E R R I A AT 11

2-1-1 BB T 14

2 FWABEREAZ TS 15

2-2-1 AR RHEEIE 15

222 BREFAe F W AR ER PRI 16

2-3 AWEAEFEHAT BB 19

2-3-1 B R¥ NPB & BB 8 e 20

2-3-2 B R ¥ MADN B8 22

2-3-3 NPB £ MADN i * tof #8212 7 ... 25

2o 26

BB 2 B B s 29

Y2 /I?e .............................................................................. 45

FZF BT R DAY 47



3ol 81 e, 47

32 pAlF WBIHAZ THATT 49
3-2-1WO3 332~ NPB 2 @ AT e 49
3-22WO3 3332 » MADN 2 2 BT oo, 52
3-2-3 pABREF BB RAE L AT 54

33 n Al BB LT L 56
3-3-1 BPhen 43 #£ PAK2 2 $» 38 2 L F HMFT 5 ..o, 57
3-3-2 MADN #3 3# Cs,CO3 87 CsF 2 W AT T oo, 61
3-3-3 # MADN J* >t p-in Bk A2 P 2 5 65

B R 67

BB ] 20 E e 69

B8 2 RE 100

E I I B 2 £ g U PP PP 102
A-1 312 e A R e 102

4-2 CrCO3 22 CsF 2o FRtic At g ot 103

4-2-1 3 BEE FAR BRI A 103

4-2-2  Cs;CO3 33 3% MADNZ FHETFT T oo, 105

4-2-3 CsF433 > MADN Z BATFT T ooeeieeiee e, 108

B3 T e, 115

BBl 20 T 116

St 2 /I?e ................................................................. 134

$IE AP LEMMIST E NS EIBATT 136
5ol 5, 136

52 MIAS @ % o 3 (T T 2 ST R E = i, 138

53 MIAS & 8 2 R A 4T 141

S R e, 144

BBl 20 T 145

B8 2 RE 155



Fo B 2e] s 24
F B 3ol 55
L 66
Fo B 5o 141
M-l G2 AASHTRAM 7
Bl1-2 EAETAe 3 WEFL~EaRF B 8
Bl 13 B F A FEEE R B oo 9
BI2-1 nAld A - B2 F Bl o, 29
Bl2-2 R g hmk R R ERTERED 29

BI2-3 BB R AG GBS B BB = e 30
BI2-4 BEBFAGF 872 BB i e 30
W25 45 Lo 3adm LM M e 30

Bl 2-6 BFER Ao ~i2 ITONPB/AIGs AL S 2 T8 ..o 31

-3

§]2-7 = 1 ITTO/NPB(60nm)/ Alqs (60nm)/Al % % 8 ¥ #%/& 5 OV ™ C-F# G-F...31

Bl 2-8 = 2 ITO/NPB(60nm)/ Alqs (60nm)/Al %8 G-F Bl ...cocvvevveeeeeeeeenn., 32
Bl 2-9 = 2 ITO/NPB(60nm)/ Algs (60nm)/Al %8 C-F Bl ...coovveevneeeeneenn., 32
B 2-10 NPB(60nm) 2 In(R)% 1000/T F3& 1 &5 (F B ..ooveeovreiiieieeeeee . 33
BI2-11 38T A NPB B 2 CF W B oo, 33
B2-12 8T A I BB NPB 2 C-F W ] oovvieeeeoeeeeeeeeeeeeeeeee e, 34
B 2-13 38T 4 NPB BB 2 G/F-F " 3B oo, 34
1 2-14 (a) 30nm NPB 2_ %38 G/F-F Bl .ooveioeeieee oo 35
B 2-14 (b) 60nm NPB 2 %38 G/F-F Bl ..vveioeeeeeee oo 35
Bl 2-14 () 120nm NPB 2 %38 G/F-F Bl ..oeoveeeiieeeeoeee e, 36
1 2-14 (d) 180nm NPB 2 %38 G/F-F Bl ©.eovveeeeeeeeeee e, 36

XI



BI2-15 7 B BB T NPB 25 18 Bt o 37

BI2-16NPB %7 Fo BB T 44t 7 o B 1 s A8 3 B .., 37
B2-17 38825872 FEREMADNZ C-FBl ..o, 38
%] 2-18 (a) 30nm MADN 2_ %38 G/F-F Bl ......ooooiiiiiiiiiiee e 39
] 2-18 (b) 60nm MADN 2_ %8 G/F-F Bl .......coooiiiiiiiiiiiiiieiiee e 39
B 2-18 (c) 120nm MADN Z_ %38 G/F-F Bl ....oooiiiiiiieiiie e, 40
B 2-18 (d) 180nm MADN 2_ %8 G/F-F Bl ....oooiviiiiiieiiie e, 40
B12-19 7 F BB T MADN 2 75 U iU Bl oo 41
B] 2-20 MADN %7 Fo B B T 74t 3 o is it i crAB 5 B 41
B12-21 $kF 5 LA BB 42
] 2-22 MADN £ NPB % hole-only = 2 ¢ Z in-% BREM I ERE ......ooe..... 42
Bl2-23 22 ABBZ AR-TonBR-T BEMEL BB 43
B 224 A2 AEB A7 o RE T et imsc b 8B 43
B 2-25 it A 27 B 2 w3 T K BBl s o th et 44
B 3-1 NPB #2527 ek & WO; 2 hole-only & # &8 ...l 69

Bl 32 ~ 2 A-B-CE2D AR & BBRT T F-2BREPFRE ....70

B33 A2 AB-C2ZDEzE? &4 BBRTHGFFEPICERRE ... 70
Bl 3-4 (a) ~* A(NPB@WO30%) 2% BB T G/F-FB wcoveeeeeeeieee. 71
Bl 3-4 (b) ~i* B(NPB@WO39%) t7 kB AT GF-FB oo 71
Bl 3-4(c) ~* C(NPB@QWO317%) %7 FEAET GF-FBl ..o, 72
Bl 3-4 (d) =~ D (NPB@ WO333%) 2% FiE AT G/F-FB .ccoovereeeennnnnn. 72
Bl3-5 <% A~B2 C 2 In(1/R)$ 1000/T (8] ...oooeeeeeiiiiiiiieeeeeeei, 73
Bl 3-6 ~ i NPB4%327 I WO JEA T Tin-T BREBDRE ..o 73
B 3-7NPB43327 = WO BB T 2t F 77 LBl oo 74

] 3-8 MADN & € 47 100 = £ ] ™ 2 753k R 4F % 35 2 (cyclic voltammetry)#7 7 75

® 3-9 MADN 43327 Fr k& WO; 2 hole-only =~ i* BHR 75

XII



B 3-10 MADN #2227 e WO ERE T T - BEPRDRE oo 76

B 3-11 (a) ~ 2 A (MADN@ WO; 0%) 7 8B T G/F-FRB .vvvoeeeeereen, 77
B 3-11 (b) = * B(MADN@ WO; 10%) 2% I8 B T G/F-F Bl .ocoveveveeenn... 77
B 3-11 (c) = C (MADN@ WO;20%) 7% Fi§ & T G/F-F B ..oooovevneennn... 78
B 3-11 (d) = D (MADN@ WO; 33%) % I8 & G/F-F B cooovevven... 78
B 3-12 < AB 2 C2 In(F)% 1000/T (FB oovvreeoereeeeeeeeeeeeeeeeeeees 79
B3-12 (a) & * NPB@WOs 3 HTL 2 p-ici % 2 B4 oo 80
B 3-12 (b) #& * MADN@ WO; 3 HTL 2 p-i-i % & S H oo, 80
B 3-14 ~ = A~B-C-DHEAR-TinBA-TROLIV)NTHEE ... 81

Bl 3-15 =12 A~E 2 20 mA/em®> 2R R T A d FER TR RE A2 2B W

@316@"—‘"‘AE L_;L/g_'rma_,/n ?@%l?']%] :}@E‘@m PAszA\ J"]‘%_ 82

Bl 3-17~#B-~C&D 4z R PR3- BIRIF  #FHANZES 32-17 p

AIBRAT T AR AT T T RIS ierermrmrerrmms st 82
B 3-18(@)~ % B EZFE? FHBETFTOTEZIIT TPRIB e 83
B3-18(b)~ 2B AEFE?F HET T EM A F(GFEF)ZRIR oo 83
B 3-19 ~Z B 2 1~2 REZLE D G/F-F ZRIB oo 84
B 3-19 ~ 2 Bt 1~2 REFFFAG/F-F BBIB oo, 85
B13-20 % 2 B-D a7 I #h 4e /R 2075 T8 80 oo 86
Bl 3-21 i-i-n %4 & B » ETL % BPhen 4% # PAK2 (Inm)#? LiF (Inm) .......... 87
B3-227EFE GEFETATLVERIR oo, 87
B3-23 A2 FE At GAa20mA/om® T2 2R ERRFRE oo, 88
B13-24 (a) & * MADN 43 5¢ Cs;CO3 2. 8 % 332 » 2 22 4 W ... 89
B13-24 (b) # * MADN4 e CsF2 E# T+ » 2 224 R ... 89
B 3-25() ~#AB-CEDAEREF A S EmTRT T E-4FE......00

B13-25() = ASB-C# D AFiET o4 @in T /BRT T HEAFATFH .90



B13-26 (a) = = A (MADN@ Cs,CO3 0%) % b iE BT G/F-FBl ooovvvvren.. 91

B13-26 (b) = i B (MADN@ Cs,CO3 5%) .7 I BT G/F-FBl cooovveen... 91
B13-26 (c) = i C (MADN@ Cs,CO3 10%) 7.7 fi§ BT G/F-F B .oovevevnnnnn 92
B13-26 (d) = * D (MADN@ Cs,CO3 15%) 2% i & T G/F-F® ..ovovvnnnnn 92
B 327 % 2 BrC 2 D 2 In(F) vS.1000/T ..o, 93
B 327 22 A B C2DAFET ALV ERIB ool 93
B13-28(a) ~ 144 FERTY &4 BT A G/F-F B Bt 5l ........ 94
B328 ()~ Il &% g BT 2 & b4 BT HG/E-Feng it il ......... 94
B13-28(c) =i [ &4 k@R T Y & ¢4 BT nG/E-F R Bt 5l ... 95

B 3-28(d)a ~2 IV &2 FERTE &5 [{/RT nG/F-F cng B B ....95

B 3-29 7 IF§ & ™ MADN@CSF 74 & g & 418 B g BT Bl oo 96
B 3-30 ~ 2 I~INHISIV 2 D g ® T r 8 REPT -2 BB e 96
®3-31 () (b)&(c) * F i-i-n it ASBEC2ZGHB ..o 97
B 3-32 7 F i-i-n Bz ~ FABECEL-TBREB 97
B 3-33 % I i-i-n ~ * R B /T TR 2 & (yield-current density) 't # BB ...... 98
§3-34 & * MADN & & &2 » 2 L F Bl 2 p-in SHB ... 99
B335 pein 22 D% & 3237 thpeisi it C2 JLV IV RE oo, 99
Bl4-1 ¥ gz EHTFir 2 BB 116
Bl4-2 3 ER e ~EHITI TR 116
Bl 4-3 B A B HF BHAETEIFE oo 117
Bl 4-4 (a) H & Alqs2 %5 % g3 (b) ¥ & MADN 2 %5 % 473 (C) Algs
2 55 MADN 20 5 20F BS B oo 118
B45%§332¢ 2 A~B-C2 D 28 CFRPBE oo, 119
Bl 4-6 MADN@ Cs,CO3 10% = 300K~360K C-F & BBz ....ocooviviiiiinn... 119
B 4-7 Cs,COs 3320k B 5%~ 2 B 3300 K~360 K e C-F B ..oovvevenenee. 120
B 4-8 Cs,COs 332k & 5%~ 2 B A 350 K~420 K e C-F B .oovvennnenee. 120

XIv



Bl 4-9 Cs,COs 42 323k B 5% 2 B & 350 K~420 K 7 G/F-F B oooovvven.... 121
Bl 4-10 (a) Cs,COs 33 323k B 5%:h= % B 5 420K 5 420 K~320 K = C-F ..

B 4-10 (b) Cs,COz 43 32k B 5%~ it B %5 420K & 420 K~320 K c7G/F-F |§)...122

B 4-11(a) =~ [~I~TI2 IV 387 & ¢4 iR T ch G/F-F 2B ... 123
B4-11(b) ~ 2 INITI 2 IV 2380 & e bR T C-FEBIF ......... 123
M 4-12 CsF43eikR 5 10% 48R #F 80K 31 400K hC-F R ... 124
B 4-13 (a) CsF 452k A % 20% tif & 300K ¥ 400K C-F £ 1@ ............ 125

B 4-13(b) CsFEsek R 5 20% 78 B 420K &2 % PR T C-F £ RB ... 125
Bl 4-14 CsF43sek B 5 20% tif B 420K {4 420K 7] 80K 2. C-F £ BB ...126
Bl4-15 CsF#H3k R 5 20%% 5% 84 300K 7] SOK 2. C-F & R|® ......... 126
B 4-16 (a) CsF ik B % 20% tif B 420K 4 d 420K | 360K 2. G/F-F & B ®)...127

B 4-16 (b) CsF JE & 5 20% 78 B 420K & & 300K 3] 210K 2. G/F-F £ P ®)...127

Bl 4-17 CsF 42320k & 5 30% & Bd 300K 71'80K2. C-FH ...oovvvvvvvnnnnnn. 128
Bl 4-18 CsF 32k & 5 30%20 3 @B Mactral ... 128
Bl 4-19 CsF #3230k & % 30% 8 Ad-300K 380K 2. G/F-FB ................... 129
Bl 4-20 CsF #32k & % 30% E & d 300K 7] 240K 2. G/F-FB] ................ 129
Bl 4-21 CsF 4232k & % 30% £ A& ¢ 300K 7] 400K 2. G/F-FB® ................. 130

B 4-22 CsF 4332k B 5 30%55. % 8 420K {48 & ¢ 420K ¥] 80K 2. C-F @] ...131
B 4-23 CsF #3320k & 5 30%.5 % /8 420K {48 & ¢ 400K 3 300K 2. G/F-F |§)...132

B 4-24 CsF# 32 k B 5 30%.5 % /8 420K #68 & 4 215K | 140K 2. G/F-F...... 132

B 424 CsF3 3k B 5 30%5 3 B 420K 50 {88 B R 2 31 i .. 133
B S-1MIAS T 5 B HT L coovreeene e 145
BS52nAMIAST F At 2 Z F R BT 2w F B o 145
B 5-3 (a)~(c) » W % MIAS % % # i f32 ff % (accumulation) ~ 7 Z %
(depletion) ~ = > % Z % (fullydepleted) «h%E > T BB .ooviiviiiinininnn, 146
BS54~ A2 B & TFT & 28T BB R o 147

XV



BIS5S ~EALFREIHIREITHEROTF-TRE 147

Bl5-6() % ALTEED P s BT T 5 ATE(CF)E P oo, 148
Bl5-6(b) =it Atz BrEr I oh4e /R T cnd B/ % 95 % (G/E-F) R I F] ..148
B S-7T(@~® A adfivisd W@ BB HHB 149
B 5-7(b) At B kit £ % en® RBIRSHAR oo, 149
1 5-8 (a) 25 2 S MEET FL 20 oh Sr R BATB] oo, 150
Bl 5-8 (b) 258 e [t # or i fuerdp b AR S £ B B AR L. 150
Bl5-9 ~2 AE Befig it Fan iR R Ao R B .. 151

B 5-10 (a) MIAS 7 7 fef th4c BT 4 & 4 Bl (5 82 3 5K AU FF 28 a0 3 WL 152
B 5-10(b) MIAS £ % &t /BT A6 42 kol F 2 % X g it F R .

B 5-11(a) ~i2 A ash4cimBRL 10V T G/F-Fers 8B .o, 153
Bl S5-11(B) =i B st 4e /& 5000V ™ G/F-Er %8B ....ooooeieeie 153

B 5-12 ~i* A ¥ B &% BB T G/F-FE peak ""l‘_{f)@m’iﬁ—r ¥R R i #c T

XVI



2

ML ERMWI ¥ 2 5 25 AL e (Non-crystalline semiconductor) 7

E
AN
=

G AR E AR ITE RFF S S b R A X R 2 RE IR

L

Iﬂ

97 & 8 (thin-film transistor ) ~ &%~ H it & 7 (solar cell) ~ g B B
(senisor) ~ 7 #7% £ = #&#%% (Organic light-emitting diode) ~ & ¥ [1-4] - i # 3¢

FWEF - BT E (AMOLED) RIE - Bx 2f1* 280 L MR T Gk

-~

% 2 — ot AMOLED 2 7 B¢ % £ OLED 228 4| ¢ & % T & 48
(Non-crystalline Silicon thin-film transistor) » @ &5 # #42Lp = g * & J Fztfy
LEMEE O 20 LR Pt R AR e A e > X Eoh
S A F LG FRER R G AH G F L Ay A G A

Bom B I P55 G2, CHRES G A AHIT G R ] Y R R AR g D
Lo AR A BHPEOTEREBIER - 20 WRRF N F oS
AMMED%%%’%*&ﬁﬁOumﬁnw&TF&ﬁgﬁﬁﬁpfiﬁﬁﬁ
B oLFFE 8 iF AMOLED iR ()& sE Q) &7 i (3)
THAEEE oq 30 BET R RE R A E AR B ERG  AL
TR AE-Hartd > A B OLED ~ 2 ‘—é—’]‘#ﬁ T g kN OLED & i o T
£ ko bk E N A B TSI KMt o 7 R G R

15 B e AMOLED & {842 » said 35 5 P77 RS £ P B L chFT 7 o B2 AR 1 i eh

=
S
.
N
Q@
S\
X
:_;)\
F_*
|
I
=
Ex
A
Y
o
Vq,
|

;}ijn“&-"‘F’.K”ﬁ L p ik w§ & OLED =&
PR Gl ERE T RS F R AR A EE o AfRA kaF b Rt 4
FoudEd TR # B OLED & » R RHET A BT L AR hT N F
BTEI2BM A RE @ ifE K 5 BB RE T pin 225
T TR PR AL engphs TR G kg o

1
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A G B R 1 R LR 2 - L ¥

s T B L E %R ¥ 9 4 3 (admittance  spectroscopy) £ B k A 47 & F F
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WER 5 BBk  BRIFBIEELPFPHEOTEE AT EFLMF L

ERCRIE X R R )RR
QT G- BT RE T Y F R L - LR RV
BRI 6 M- R A Rle/ B E R T s S T

Y(0) = = = G(0) + joC(o) (2.1)

<~

FE ST B T0 SRR ST R A S AT e 42 Y o R

Fl A ALY gk e T S e LR BT R B o iR £ 7
HRF TR LT PP AE R o @ U g g F R T e R
Wt E P F e B G ER Y BT R R g PR L

(Arrhenius) (@7 24§ BH B A FIAPM AT Sl - BnAlERA

= &84 (Schoktty diode) 5 (] 2-1) > & B3k At H A - &g Y 2 ¢

J

R ik Fa

R e ftbde— FE o B R h/BRT 0 S H A 1R A4 — % 2 % (depletion

N,

region) » f ¥/ dr— ] ELALIR T RART 0 F L H A LR TRAD R

PR R LR PR DT FE AL EEF P LB A T o A A
far hRFEAF DT P R R THRRLZLHLF OTRAR - 8 1ER
HOLHEPE R ensg it AT Y %ﬁ ¢ Shockley-Read-Hall 42 s f5 3235 % (8 3 »
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fi=en(-f)-e f,=cn—c,(n+n)f, (2.2)

H
Ec—E;
n=N,.e * (2.3)
PRI 228 RETH
1—
S, :.cnn(—ft)gn (2.4)
io+c,(n+n")
BFLL22HPFROMA R FRRIGT FE AT DT HTE
n
/= , (2.5)
n+n
#2383 255818~ 24500
n'n
¥, = 59 (x) (2.6)
(n+n')* 1+i %
a)t
HPSP(x) 5t X R PRER LR 0@ o, =c, (n+n')
d PN F B e B p T gt s ‘?‘}*ch'_ﬁ
w .
51:40 dx-gN, f (2.7)
= AN ijwdx n'n L so0n) (2.8)
"KT % (n+n')21 . @ '
+i—
a)t
287 w iR ZLHRDOEA ™ an= n'EF B E o T Op(x) &
(n+n

-
- , -
w
[ a)t
(‘0[] . 1
=|C, s +iwCy———— |oV (2.9)
I+— w w
I+ — 1+
@ ((Ot] (a)t] i
ér_%*ﬁd #3188
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®
o _ C ’—2+ia)C0; (2.10)

N4 0 2
1+ (a)] 1+ (a)]
L @, o, _

F2I0F HFRDTARGE 2D o JoT LR I Bt B B IR R P
CO

C=—— (2.11)
L+ (22
a)t
CO a)t (g) ?
w
G =—""— (2.12)
1+ (9
w

t

d30 201 2 2127 g a b TS EHN A PR THT FRRLESTRA
BNl o=0F METFENM- F g THRE IR PHE
e & (G/F peak) o m At ;¢ %ﬁ“ﬁ fo T L 0 o, =2c,n'=2e, BN
% F ¥, 5 KAT F IS (e,) 8 B o AR R E R Fle, 0 F1S
o, (F [ 223k AR 3 2 b O)$E RAG R ARk > s dgd P L LR
& 0 F T R I Ak FnenE 1Y i (activation.energy) £2 4 J& £ & ## (cross section) ©
A RSP HEY AR R FAL MR AL RS £ R
feniedis ¢ ERRERIE f Rl RS PRI P BRI B
FAuRp R EFRHPE AR IEEREFEFPI P I RFLIRETIEER L R
ALY g BT PR @ gt R BT R T U — P e EE kg it H T E A
S o B 2297 0 WREPZLHRFHRE R B R A DR

1
Z(o) —R(a’)"‘m (2.13)

BN 213 F N 201 v iE T
1

Y(0) = m (2.14)
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1+(f)2 I+(—)’ (2.15)

WOpe

= G(w) + joC(w)
o a)RC:2ﬂF:(RC)“ - ;B - D | 4 %?FE—E*%—&S"“&????%

B 2 B TR

Clw) = < (2.16)
1+(—)

G(w) =— e @17)
1+ (5%

EFd 2112128 v m e R B AR E AR RN R e

Z]

A - b Bl AU S AT HOR S Rl LE LR R AP H B eh R

FlLEBHHIR G R LK LS L d ® N r iz s A o
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3
~ah
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/t‘—
aw
&3
¥
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AP BT T R R U,_F%;,iag Z 40T
1) Keithley 236 : * >t £ Pl it — 2 B ([-V)endFfbd Renix B -

2) HP 4194 Ef/RMEpisdrik @ * £ RT F -7 B(C-V)

=3
>}
I
5
4y

(C-F) ~ % %45 % (G-F) ~ %74k T 7 (transient capacitance) £ 1+ ' 4 o
3) LakeShore 330 g 47 % o

4) ®REER R & F Cryoenic~ E 2§

b

R Z PRSI R R R
FRUEE LA LR AR LHAFRERERIELY -
AP AR BAEF] k9 GPIP 4 5 2 B A e BE 7 R e Slidh

B2 R A A R R B A T A -
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- AR 2 o B AR F B S B F K e B PR T S
R i AT b o ls(scattering) s § % ME 5 8 H F o @i A B EICHOR LR
YA iR (diploe)dF 4[3] o d b b T i aviE 0 F B HR T kA
BEF BRRM S T 3 AR Y AR T T S R

TR AT R hE B J Rufin0al M ami o IR - B
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AR A E A < FRFAY YT OLED 2 3 #eh~ it i 19 %
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RRFL T 2RALTHRET R

¥

T AR A M SPITOR I A r % § 3P B A vz > M-8 3
2 10%orr> 1% § 5 % ZFI%(OZ plasma)¥ A % o (TRJI2L30F) 0 5% F T 3]3(/%@,;
W PITOR I A 7 BT »5eVZ +[6] ) #H¥ LA » e # <~ S - &
Sl SR ] = w3 B 55 % - 48 % 5] (4§ 2-3) 5 indium-tin-oxide
(ITO)/1,4-bis[ N-(1-naphthyl)-N'-phenylamino]—4,4'diamine =~ (NPB) (X  nm)/
tris(8-quinolinolato)aluminium (Alqs) (100nm)/Al ; % = F& ( 4= B 2-4) 5
ITO/2-methyl-9,10-di(2-naphthyl)anthracene (MADN) (X nm)/ Algs; (100nm)/Al - i&
B AR P R AR e P T LT ML e R B B B e
iR Al A 18E S b AR I B e R S S
0.1 nm/s > @ FERAES 5 0.5 n/s > % % & # 5 0.09 cm’ o A i {8 R 1k
ENALRF AT E RPN EALE HAZLBE BFUVER > B3R o
v 513@,;5%&;{ *0 A AT e A fE RS e s W B e - PERFIE 2T B 0E

A HEREFAT G LE NGRS

222 FRF A F A2 BT B ET

7 % (multi-layer) § #8556 ~ ¢ o d 302 B R G F b adk A 0 At
E KRR EMDE Gy 67 ot LA E G N A R FOE R
TR - K 2 MR e - B ST R e RO RS 4T 4
P AL R EEB T A5 5% kA S n FRpIHCA o B 2-5 2 -
® £ % < (metal-oxide-semiconductor)MOS &% 7 HE D AR AL
WHER TR e Ao

FAA B WERTR ] RF LA HREHE

ITO/NPB/Alqy/Al « 5] 2-3 £ 2-5 vt i 7 124 3] Algs (~10°) fept 450 7] 5
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BT EA i) 2 NPB (~107) [4-5]> 7 r2 358 2] Algs s Fe i + % NPB -
datF Y B R RS L BB E NI AT D 0 A P AT
Ak AT R I pLigE i ka2 2 ITO/NPB/AlQy/Al £n% s B 03] o 30 At i
B BT > T e Al E B 2-5 ¢ 0 vk 0 & NPB AI§ (R 2-5
YL A o A L i BAIY F2-5 fCA] 0 & NPB &2 ITO B en i g

T BT 0 Rk (ohmic)d2 i 0 WA TR B R R A 45 hlicdh 0 LAl ir A

"

WAL H#- ITO 54 adjf(;? F L

s =
gd T

*—r‘!s%

FAgLT 1304 ITO 46 st § 1t

Er T HAE ITO 25 73 £ %

e

% ITO thé anfic k3 B 3T i ok B chyhim
[6-7] -

Bl 2-6 5 ITO/NPB/Alqy/Al 4 B8 Bk Ap $ e ¥ se TR A - i3]
g R Efp o g NPB & Algy AR5 - BRIEXE- B p Lhy 7R
BooBP C i NPBhfiwd 2f@m Ry 5 NPBHREDTIEE > G2 RyA Wi

Algy B P LF EHTILE Ry M P MTIL LR PR EpAa TE2

<

g 4 (8] o Gt TEHCAY 1AlG Fe B PR TR T VARG A
Ry 5= B o b fh g 4R R R as i afs o S ehd TR 0 % F )

- EREFO BT R) A2 0 d e BEGE B e S A S
R o BEARE 2 RS Y WA T e P BT e

AF S Bl A R ek B E R BTS2 R T E R

=

HOF RPER i R TIGREB AL T EAF DR EING  SE NP
TR I N BRI T g b B ET D ¢ T R R 0 0 s
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% 0.315eV> %77 NPB B & & #r4t o eivid 1 it § FEF B B B 4o 480 hig g
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MADN #5 E % 30nm> 60nm~ 120nm £7 180nm 4 %] ¥ &% 5 ~ 1 A~B~C¥ Do
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MADN doped with CsF
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MADN doped with CsF after 420K measurement
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