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Development of amorphous Selenium (a-Se) stack layers for

the application of High-gain Avalanche Photoconductor devices

Student : Te-Han Sun Advisor : Dr. Fu-Ming Pan
Department of Materials Science and Engineering

National Chiao Tung University

Abstract

This research fabricated high-gain avalanche rushing amorphous
photoconductors (HARP) for medical x-ray detector applications, using
amorphous selenium (a-Se) as the photoconductor material because of its high
photoconversion efficiency. Under a strong electrical field, photogenerated holes
travel in the photoconductor layer with.a high velocity and collide with atoms on
the drift path, resulting in more photogenerated- carriers. The successive impact
ionization process induces .the 'so-called “avalanche multiplication” of the
electrical signal. For medical x-ray imagers of low.irradiation exposure, HARP
devices should have a high photoconversion gain with a very small noise so that
a high image contrast can be.obtained. The injection of holes and electrons into
the a-Se layer via the top and‘bottom contact electrodes is the primary noise
source. We used thermal evaporation to deposit a-Se thin films with a thickness
up to 25 um at temperatures below 40°C. The CeO, hole blocking and Sb,S;
electron blocking layers, which sandwiched the a-Se layer, were prepared by
sputter deposition to minimize the dark current induced by the noise so that the
ratio of the light current to the dark current can be enhanced. In addition, we
also deposited a distributed resistive layer on the Sh,S; layer to successfully
improve the electrical breakdown voltage for the HARP structure. HARP
devices fabricated in the study had a bright/dark current ratio as high as 70 at a
bias field of 70 V/um.

Keywords :Amorphous Se, x-ray detector, high-gain avalanche rushing amorphous
photoconductors (HARP), avalanche multiplication, hole blocking layer, electron blocking

layer, distributed resistive layer.
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Layer function Prepare Film compene thickness
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. Thermal a-Se:0.2-0.5%As,
AL/ 1-layer evaporation 10-50ppm ClI 100-500 pm
EBL/ p-layer Sh,S; 100-500 nm

b HCR R AR A A8 g T R B B M s MR TR 4 ox
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2.1 REEWRZ X LGP EFE

1980 # * Juska f- Arlauskas % 325 % &5 ( amorphous-selenium , a-Se )
AR H BRI R [6][T] BT RS F - e - A
(polyethyleneteraphalate,PET) & ¥ 2t fp /5 0 & 1% 5 B 2 12 & (R 4] a-Se
BHo e R d 0 a-Se chE = 34 25 B /5 (amorphous-Selenium )

H7 44 f5ede As - Te ~ AsSes & 4 bR B4 1 &+ 1980 # 1 % -
= B 4> & * >t Hitach’s: Saticon “TV pickup tubes[8] » % % & ] =
( photoreceptor )& * = & » Fla-SitH & 5 # itz sk 2 = oh L gacg » 2k
WA H L & LAk A B G PR e H g 2 & 3-(avalanche
threshold) i» i<+ a-Si:H;2000 & 12 % 2t 8 5 & 7 3 (a-Se photoconductors )
IRBEHXEBR-FERT F H4e B RACORFE g (TV pickup tubes)
HARPICON ; %5)% BB X-icon ; sk E#& ¥ ELIC (electrophotographic
light-to-image converter) ; ¥ 2% a7 F R BF 285 7 & £ 4ok
2-1 2= X kWP h S RA[2] ) 5 £ 2-2402-3 5 AL P EE

POXRIAMETL] ) & 2-4 5 L XL HMUE 222 LF[4] -



# 2-1 &3 fci= X Rk SLR 4 [14] F 42k p Rowlands, Yorkston[3]

Clinical Task Chest radiology | Mammography Fluoroscopy
Detector size 35cm43cm 18cmx24cm | 25cmXx 25 cm
Pixel size 200pm x 200pm [ 50pum x 50um | 250um x 250um

Number of pixels 17502150 3600x4800 1000x1000

Readout time ~1s ~1s ~1/30s
X-ray spectrum 120 kVp 30 kVp 70 kVp
Mean exposure 300 uR 12 mR 1uR
Exposure range 30 -3000 pR 0.6 — 240 mR 0.1-10puR

302°2 B} A A ACHRAX A B 20 KeV B enge 18 14 57 [4]

a-Se | CdS | CdSe | CdTe|GaAs | GaSe | Ge | Hgl, | Pbl, | TIBr | ZnTe

Density (g/m°) | 4.3 |4.82| 5.81'| 6.06 |1531{ 46 |53| 6.3 [ 6.1 | 75 |6.34
Ua (pm) 48 | 127 | 56 78 44 49 49| 33 | 28 | 21 | 6.34
Eg(eV) 23123 18 | 451142 | 20 (0.7 21|23 ]| 27 | 226




3 2-3 &4 X kBT R4S [1][9][10]
Photoconductor Electron Hole
S at 20 keV Eq W, Density | Resistivity
Istate , wy (cm?/Vs) | pp (cm?/Vs)
) dat60keV | (eV) (eV) (g/cm’) (Qcm) ) )
/preparation rt(em/V) rt(em/V)
Stebilized a-Se 49 45@10V/ 0.003-0.006 0.12
m pum .003-0. .
Vacuum H 2.22 4.3 10*-10" o . ] ;
o 998 um 20@30V/um 0.3x107°-10 10™-6x10
deposition [37]
Hgl
o 32 um - 88 3-4
Polycrystalline, 2.1 5 6.3 ~4x10 - ]
252 ym ~10°-10 ~10
PVD [38]
Hgl,
) 32 um 13 unknown unknown
Polycrystalline, 2.1 5 6.3 ~4x10 - ,
252 ym ~10°-10 10
SP [38-41]
Cdg5ZnOA5Te
Polycrystalline, 80 um unknown unknown
H 1.7 5 5.8 ~10" . .
Vacuum 250pm ~2x10° 3x10°
deposition
Hg|2
) 28 um 4 unknown 0.02-0.15
Polycrystalline, 2.3 5 3-5 10"-10
259 pm 7x10°® 2x10°®
PVD [42,43]
PbO
Polycrystalline, 12 um unknown unknown
" 1.9 8-20 4.8 10* ,
Vacuum 218 ym ~5x10° small
deposition
TIBr
Polycrystalline 18 um unkno unknown unknown
2.7 6.5 unknown
Vacuum 317 um wn small 1.5-3X10°
deposition [44]

10




200-4 LEEX kb E WS R[]

Photoconductor | Typical or possible preparation | Comment and reference
E 3wk B 4R (2-dum/min) | B T4 G AE B 3w [47-49]
a-Se 3 ¥ 8 & (60-70°C) X-ray vidicon (X-icon) [50-51]
y silane PECVD < & & ARG T
a-SiH ® 4% /i3 1§ & (>200°C) X k3 A [52]
AR S (~lum/min) | F % L6 0 KTk B8 F[49]
a-A52883 N . 0
% A 478 & (180-190°C)
g ARTF A 3 binder 1960-70 & i~ ¥ @ 4%
CdS layer,# = & ## i* [
CdSe BN B R 1+t X-vidicon M= F /it [53,54]
CdTe e Al v o N M T?;ﬁ%]"‘é::*
B AFE/AVER B X kx4 B [55,56]
T " ’
CdogZng,Te |~ %77 » A7 +4 X % Lo[zr:]%fi 1-2mm
CdzZnTe E 7 AR 2 R ZP B oA ML E ME R R, 20
ST > RT3 vidicon([58]
B LA % 5, X-ray fatigue [59,60]
PbO st BT ER ~ o ff 5-8 v+
zone-refine crystal % do, & < kP2t 5X5em
Pbl, % 45 /8 LR & (>200°C) X ke B i [61-63]
TIBr H b £ ¥ /& 1+4,0.3-3mm 5 wafers
[64-66]
710 Mk 3 binder layer 1970 & * E @ 47
e R ,ﬁﬂcff& #

FE L fh o PR G D B A 6 kg RIIDEHAL  fe

é‘\‘é*
o

PR % 3 38 & (conversion gain) 7 E_entE 5§ Sk i & (poly-Hgly) s 4 & &

&
/<.\
K
~=y
.\;
—
I
v
o
@\
5
&3
=
ETTS
\E_ﬂ

/—‘—:-\EA’EH ‘J-@\ ?ﬁ?gﬂaj,:{\:/ﬁljgg'%

2

L3595 2wl hf SRR R (image lag ) ~ 7 B3 Fk

(non-uniform response ) % & i & R 4[2] -

11



TR E X LRI R F 40T & R[2][3][8] :

(D)X & % F R (absorption depth & )i& -] >t g & & %5 & ( device layer
thickness) ; T X sk it = DA B Brx T o

()& Bl B 77 49 % n % A& (Sensitivity) > 43 MR + T F H 4 = & (EHPs
creation energy W.) » X sk sk 5t 807 5L PR Wi 3 2 X g £ HT F 2k ¥ R
WA R 220

@* L+ g TmIF BB ERFT EHELE FE (bulk

recombination)m "% Mk T sl H P L B

n\-

LN R FTIFIRR
Ff L F XEBREFRERMEL Mo LR EFIRET L% o

(AP FETBH > P F AT L8 0 FE AL+ B o HICE BT
BT A o

(G) X e F s M3k (‘time-dependent response ) » 4o o &2
(image ghosting ) frat<® (lag )& §%= 4 j&i# 5 1/ ¢ (carrier trapping rate)
F M #F Y prF(schubweg) >>L( ERIELEA ) &L (PF 2ok
#p carrier life time) >> t7 (& = @ﬁiﬂﬁﬁr’” transit time) » 12 "% KA BT 0 4
B EIREERET o

(6) X k& & Bl JE wF 2w B [11] ~ X &k ¥ (X-ray fatigue) # = X Sk 4F i (X-ray
damage)® ; AP Ed et X KRG L HINFARE T EDRE @ X kK

BHF RS G X KA BRLT S EEF R = e e FAR R

12



(M kihs = B (@1 iT7 BRAZ a7 (dark current) » (b)#u 38 #
2z e (thermal current / noise )+ 4 » (C)E Rl s Svr ¢t R R R LB~ &
4 &5 T v (leakage current ) > (d) T 2k F 3B A 4 enfein ;IR o TR R
At InAlmm? s & iRl g o

@)k ErEl+ R ViEE AT AMApanel > & & o R 35353

Moo 2 e R {e AMA panel (& k& 4 & 5 30 cm x30 cm 2 )G &

B R R

13



211 3 F 2 M2 Romdp R kg RIE A A

BHE T HN ARl kR R B A5 HARP ( High avalanche
rushing amorphous photoconductors ) ; HARP ~ i iz pe k412 B & = (1)
ERSETERMB 2D > (2) FEMAELIHEZR2-D5 & (DEE

it s CeOy [ a-Se/ ShS;» X %7 i AP 24k [T0 2 Cel: i 4% a-Se
e A2 T T (EHPs) > &3 4 @ 8(>70 Vium) T {5 B8
R+ 32 mfs4 (impactionization) - 2 = L 5§43 » B3kt
;;gsi a-Se F & CeO, Il iF @31%@4 » T Sh,Sy;EAEApE o RN
T BETF B G RB R PN L c-a-Se ¥ 2 A kA

@B LR AL B e € I FIEER 23 §

X-rays

Top electrode (A)

Electrost,atic*shield

|<

Field-effect transistor channel

|
1

Gate (Al) SiO. :
; Storage capacitor C,
Glass substrate Pixel electrode (B)

B 2-1 ® £k 7 #&4% (Direct convert) [4]

(Q)F 8= (1)E 455 HARP 4pt > H »~ kg CeO, k+ w % 7 Csl:Na &
14



CsETI Hfk ok 5 X sk ig B ot & P oo fc > £ i3 & 5k 450 nm & % %
550nm > 2 {6 4 Fid 2 Rk k(G 3 k)a-Sews i 2 €+ Tk
TER LIS S R

X-ray Pholons

L R —

I
:lll'?u i‘rll\lﬁ l"l‘l Fi"l
Optical Photons
Phosphor Layer  Top Bias Electrode

Cel); (Hole Blocking Layer
te = |E|aclnr: - i Avalanche a-Se

il L

Field
Sb.S5. (Electron Blocking Layer)

Dirain Insulator

=S5i'H T _—
lass Subsirate |

To Data Line Storage Capacitor

B 2-2 R 43k 294 (Indirect detection ) [12]

BRI A 2k T ¥ (photoconductive 5% PC){r sk i (photovoltaic
B PV) > bt L u 6t PV mode S M A B R A A G TR M
k3 g S T 0 @ PC mode F e B R K TR 0 L X

F B+ 7 PC mode *x < 2 gL -

15



2.2 2 o Fm B
LR GG BLY) S 220°C ARt H o bR kT WA G ey gk H

P33 # 38 & ( glass transition temperature ).5) 40-50°C ; & st A4 e ;N 45

jus]

AR 2E

o A0 8 T 4R R K) 250-280°C » # R R4 % 65-70 °C 0 4k

]

& 2-4 um [/ min T4 %) 100-500 um 2t 5 f5 dp & 3 e i 5 (AMAS) s gt
fE AR ik 2 o S e
2.2.1 2 fomm ERHE

~ % (Selenium) B3 A 34» %34 [Ar]3d 45 ?p* 5 chalcogens
VI>3 = BHTF piusy a B AELAH TS (LongPair)  # p #us
e8I R p ST B e WAk A S 248 & 105° Y 4 R
Se’ s o X ihdt o 4af 2 LA A (vander Waals) 5 A o A) = fE 7

= 4k 2+ B4 (divalent chain-like structure )

Antibonding (AB)
7 S Er
p HH H Lone pair (LP)
—H— Bonding (B)
Yy
il il
T K

Bl 2-3 &+ (2]

16



Motation  Structure Bonding States Energy
NB AB

o s B e
F" ‘f B E T¢

k) s (B _ 9- PYOAMAL L AU E=-E
1_:_ +
- 4

{C} SEL .:- ‘ 3;‘1 ***¢¢ -- '¢¢¢ E = 'Eh + UI P
‘ e )

(d)y Sef - -’_ ; P m% E=-2Ep+ A

. ' 4 AAA
(e) Sej e 9—- | 4 P—TT1 E=-3E

i o

Bl 2-4 45 2 is[2]

Rafe IV~ V %% - 248k (crosslink) Trigonal 42 % & &2 5 /5 7
WL o2 SR TE2] » s raf T F feid g m i sl » 7 & fai
Feoo B3 Pud4oR] 2-30 e L AT A4S R Ao 2-4 [2] 5 AR

F(NB)it £ 5 2 F BT+ a5 (B £ 5 -Ex0 7 425 (AB) st £ (Un)

E'IN
=1
o
>
V
(e}
‘\:
/
+
‘_\..
=3
4
=
3
_
5
jud
Ae
(g
o
NV
—_
5
V
(g
o
>

17



Ean el 3 A 5] Ses’ < Sei’ < Sern < Sel < Sel

&
L m

Rl
.

2 Ses'— Se:s’ + Ser (4 = [VAP )

Se’’ + Ses— Ses' + Ser

; A B A AER2A 0 £ iF 5 ARt U

» BP9 QA > U &Mt 0 Ses’ 4o Sertt Ses 5 #14 BF RFE TG

Ses'fr Ser & % B2 4% 44 ( Valence Alternation Pair ) » #

B R AR

BARITRIFE S B 2 B g (Intimate Valence Alternation Pair) » VAP {r

IVAP % 5§+ 845 ph e & 3f JE @ < ( deep carrier trapping center ) - Se;’

+Seyfr Se;” 5 #hJ 0 FIHE P PUTE R4S f 0 ) hoB] 2-5 ST 4k 2 TRk

A B

Seg- Fragment

Chain
segments

B 2-5 2o i 48k (chain-like ) % Seg B (ring-like )& =+ 1 [4]

18



B 26 A BE[4]

4o 2-6 P o EAEE T AL 05 102°0 A3 129403 B
AT G T 4z d & @5 105

4oBl 2-4 #17  ¢ pak e Ser s 2 -Sei) e VAP 44 F(Ses' + Ser )t
EE T A R deR] 2-0 48R E Bk Pt o ] (trap ) R F - RF
W oAk Bl 5]~ anik hoa e (defect state ) o) 2-7 46T 0 R T
+ 4 & " = ( Deep electron’ traps )+ 5122 eV; X kT FHEY ©
( Shallow electron traps )&%+ 0.35eV ; i®%k T ¥4 & " ~ ( Deep hole

traps )i % % 0.87 eV 5 ¥ K Tk 4 & ¢ «~ ( Shallow hole traps )& i

0.28eV -

19



-

[ v
T — & Jensee®’ Shallow electron traps
=2 " %
L 5 Deep electron traps g
= 10 e R . 8
2 L S S o
] 1 ~— Deep hole traps
&3 e .

[ ;0 o T . Shallow hole traps

= T 0.28 eV

T D M
1012 1014 1016 1018

N(E) (cm-3eV-1)

1 2-7 a-Se it F§ % & #1085 k& B 4 [4]

B 2-8 3 fad i 1§ S L W[4]

20
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WeBl2-8 TERB XA THKFIE? <UF T RFAEBD  ZRETFERS
% (hole mobility) i Fl iFAHFES HETIHF > A IFEMT T HF L T
#p (‘hole lifetime or deep trapping time ) - #42> ; ~ ZERE R 2 LT

. o e | 4 e ! oo az g2 B 7 b Mg sm £, g s
f% /J?.}i/ﬂ“/ﬂ“%'-gsjkfaaaf E}g&—.sg’f?‘ » Em rI%i\—J‘ SN ’lg:_\:l @ﬁv;l%/!{ o

-~

HTE/L or Ty

4 — ‘:Z'“—,m_'
= I P | —
l— . []//ﬂ/ L.Tm/ﬂ

’

0.125 l 1 T T 1
30 40 50 60 70 80
Substrate temperature (°C)

B 2-9 @Az e AR A4 /L B2 5R[2]

hoBl 2-9 7T o IF AR RARK > Tk R H F et S P R FARK
(carrierrange pt) - T+ Rl E B 0 ~ %50 U06RU. 4 H & 124 H 412

PE et 2-1 B 2 RIS Aod 2-2 977 o

21



% 2-1 A4 o 4 42 F[13]

Se
Atomic number (Z) 34 10«2 A4
[Ar]3d™ 4s° 4p
Atomic mass 78.96
Density ( g/cm®) 4.3
Electronegativity 2.4
Electronic affinity (eV) 2.022
lonization energy (eV) 9.752
Atomic radius (A ) 0.918
Covalent radius (A ) 1.17
lonic radius (A.) 1.93
Van der Waals radius (A-) 1.90
217 (0)
Melting point (°C) 429 (B)
494 2(y)
Boiling point (°C) 685
Dissociation energy 305.2
Electrical conductivity 1072
(Q'em™)
Thermal conductivity
(JUmsK) 0.237
: 3 4.28;4.82
Density ( g/cm®) (a-Se)
Vapor Pressure at 20°C 354
Boiling energy ( KJ/mol) 184
Bonding energy with 995
Se( KJ/mol)
relative permittivity(e;) 6.7

22




% 2-2 w4} k2% 2 A54[13]

Bond | Bond Unit cell constants Transformation
Molecular Density,
Name length | angle | C.N. Ky temperature T,
Structure g.cm -3
pm deg. a b c °C
Crystalline
] Spiral Melting
Trigonal ) 237 103.1 2 436.6 - 495.4 4.819
chains Se, 217-221
) Transforms into
o- Rings
o 232 105.9 2 905.4 | 908.3 | 1160 | trigonal form 4.390
monoclinic Seg
140-160
) Transforms into
B- Rings )
o 324 105.5 2 1285 | 807 | 931 trigonal form -
monoclinic Seg
140-180
a_
) unknown 297 - 6 297.0 - - -
cubic
B_
) unknown 248 - 4 575.5 - - -
cubic
Transforms into
Rhombo- Rings 1136.
235 1011 2 - 442.9 | trigonal form 4.710
hedric Se6 2
120-135
Transforms into
Ortho- ) .
] Se; rings - - - 263.2 | 688 434 trigonal form
rhombic
105
Non-Crystalline
Red .
Rings 233 ~2.4 ~Troom 4.270
amorphous
Black
amorphous
233 2.0- Softens at
Vitreous - 105 - - - 4.280
246 2.2 ~30
Melt 4.010

23




2.2.2 2L fo F0 R T A

HARP it ~ 2L 8 Bk T 318 ™ 7= B 23 %27 B i2[1] ¢
(1) #p %t & %c & ( Relative Sensitivity or detectivity )[14] > (2) & F »< 3
( Quantum efficiency ng ) ~ 4z # »x 5 ( Collection efficiency ne ) > (3) = in 3
# (Gain G,)s £ 2 & 3 F]+ (avalanche multiplication factor or gain G,,)

ip ¥t & 5c & ( Relative Sensitivity or detectivity ) & g & 4455 8-k 2 55
B TUUELEL S AR R 0t oo o] 2-10 0 kR & 480nm § A < 0

R

E{IE,IEZ AR AR RE }-%—5‘.{)}5— A fif‘-ﬁr—g

1.0

o

0.8

0.6

0.4

Relative Sensitivity

0.2

0.0 :
400 500 600 700

Wavelength (nm)

B 2-10 HARP #p ¥+ % sc & & L & B (2[15]

24



05 & AR S,0S0 = 1o X [(0en ) (Egn/ Wa)] X e

¢ Sy=5.45x10"¢ / (dten /p)air  [1][15]

=k

F AL Ng B K F N LR R RS R A S
[(Cen / @) (Epn/ Wa)] 5 B =3 sk iy £ F & 4 7 EHPs # P
Mee » 2500 A0 B WF MR R IT B D ek L3 4 5
S« ®ATR LB E N AE B E (pixel )E g (m?) - Hi=X
kgt kHE( H = Roentgens ) > jr g 37 FE(AQ:c Hi=C); Hi=:2 C
MR e dip >0 2§ A4 L3 nF AR Sos 2L fmm AT T F o
H %R pit & %H(0en /pair ” & ATE 2 (SilSe) » 7 Sy(C) = AQc /A AX
2h B 7 JE AR T TR B o0 A B BT IR dens Tkt Epn R 1S 0 oz
ki 5 (Oen/ @) Epn > PRT F RIFHA AL W, 0 & 2 (ten / 01) (Epn/ W)
BRFTRE T RPEL T Mg foF Rl h I B e REFHF

Tk R BARH F AR 5 No X (Cen/ 0) (Epn/ Wa) X Nee

25



(2)& + »x 5 (Quantum efficiency )ng=nqo(o,L,W,y,l6,A,E)

Ik

Fond g 3T flehadic ) TR LT 5 S
a=1/5 ,optical absorption or attenuation coefficient of Se ¥ 4z % #c
L=thickness of a-Se 2t % & & "5 B

W.=electron hole pair creation energy « + % F 2 =&

v=The coefficient of impact ionization 7. iF & % <[ 6]
ro =initial separation of the photogenerated electron—hole pair[16]

A=h/E,, wavelength =tk £ [1] [15]

E=electric field *F 4c § #-

Ik

+ 22 F o= Nao(o,L) = 1-exp(-aL) [1][14]
Bk 2L R e g g ¥ E st fo® B kT AR EWER L
PF % = exp(-al) > 4o 2-11 s b i B e 1- exp(-oL) T E E

s 733;_:% o

N(x)

N(x) = p]me*\p(fm‘)

phoexP( —al)

w x
—F—p
1
®&— Photoconductor
[

+ | —

e—x : I —x !
x=10 x=1L

Bl 2-11 skie » HARP v qobk i £ BI[2]
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0.2

S5
0.1 =10
=
e
£ Gans z
=
L :
= =1
8 2
- 0.01 = =100
2 ] 3
= ] =
S : -
> 1 )
==
E ' )
=
2 0.001 000 3
g ] =
- Mammography
I
0.0001 : . —S—————r——1~ 10000
10 100
Photon energy (keV)
Bl 2-12 7 X % B % H el i a(V)[1]
100
—o—0.4um 105 + -1
——0.46um =
< =—0—2um 5 104 | 410! =
& 8 >
c - 9
é g 103 - 1102 ,g
: = :
z g 102 H103 g
] [-] B
3 2 E
é‘ 10 1104 2
) o
-8
O 1105

N I 10—1 1 ] L 1 | 1 6
400 500 600 700 800 15 20 25 30 35 400

Wavelength (nm) hv (eV)

(a) (b)

B 2-13 ()HARP & + »x & &7 ¢ £ no(M)[15],(b)ik & 2 vz T dic a(M)[1]
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L8 X ek R R e f ko ) 2-120 2Rk £ 2 HARP B R 430 £ 5
%ijﬁm %K'QL"?] 2- 13(8)’""!"[‘ ’ JS-EZ{E-B Ijt A= 'E_:" éiﬁ:—ﬁjbaaa

st v

U 8

Mo i 4 F M B SRR IR E T e fc e a 4oF) 2-13(b) ;

4B 2-14 #7 LRk £ A A% rodx]

=
I
5
]
i
i
=
Fd
32
a

- N c!n - I|:: ﬁiﬁm
05 | l L |
104 105 108 07 108 10?
APPLIED ELECTRIC FIELD (W/m)
Bl 2-14 HARP & &+ »x 3 & ~kE B n=n.CA,E) [16]



55— H: Holes
4 E: Electrons
4.5
Sy
- T
b
T
=] s
T
. b
z | L Sitev)
Z ~
% 351 ~
| E
5 -
s ~
I AT
g 1 GaP )
g i (227 aV )
=25 AlGaAs A\ Si{1.1eV)
e (2.0 V)
S
15 N InP(1.42eV)
4 H EN
) canp InF (1,42 8V)
| a-Se, Tsuji (2.1 &V) ainF (2.0 8V)
a's T T T T I T T T T I T T T T I T T T T I T T T T I T T T T I T 1 T T I T T T T I T T T T r T T T
0 0.5 1 1.5 2 2.5 3 3.5 45
1/ F, emdhv
B 2-15 a-Se #Figir#icea 2 H M % v=7.(F) [17]

2 gy 75 % (a-Se)fr ¢ gk F AT 3 (B) » R (H) s o

(lonization coefficient)4-®) 2-15° & 4pk T3 (F) T T

 HARP B B ¥ 7 B3

S SR

TR EEp s B 4 S

Im

29

/FF’I
Dk chpEAE e o do) 2-16 FroE o H ¥

E 'ﬁ B 4o B] 2-17 o

ETR Y SRRk

Ld.]

0 B

':HH ’Fﬁ



100000

—C—0.4um
—&— 0.46um

g —0—2um

E —C— 8um

€

o

5

S

8 10000 |

| =

G

5

]

T

k=)

@

[S]

I

1wu il Il L
0.0 0.5 1.0 1.5 20

1E (x10°3(vim) ™)

) 2-16 HARP i # 4 % #i[1]

e nie: W, - 28E + 05 oW

g

B 2-17T A FH

2L

30
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Ay F R FEA S Wek &

W.° = 2.2E; + Epnonon= 6.0 €V ( Eg=2.0eV, Epnonon < 0.56V ) [4][19]

(2)4z & »= = (Collection efficiency) nc=nco (1, 7, E, L)
CD I - (ﬂhC)'f‘"?» F+ T 225 (Nee) e & Mc
Nc =MNhe +Mec
= Xp{ 1-[1-exp(-1/A-1/xp)/[1+(AS xp)][1-exp(-1/A)] }
+ Xe{ 1-[exp(-1/Xe)-exp(-1/A)J[1-(A] Xe)][1-exp(-1/A)] }

HY o xp=unthE/L » Xe=TeE/L 2 A= &/L = 1/alL [1]

X U ThE>>peTE 0 s B S A& d Rk “EF}F%
Ui
Nc— UnhThE [ 1- exp(-L/ Lth’ChE)] L [2]

(R & QL)=enc [2
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(B) =i E (GainG,)

Ga=l, / o =(unThetnTe) E [ L = Teltrettnl/ty [2)

where
tre = L/uE electrons transit times across the electrodes
tm = L/unE holes transit times across the electrodes

TR E G (MnThebnTe)E B35 B vt @0 R8T 2 Rk & @ e
Frant g x 2 )I%’%[BO]?E £ # 2 3 4 & (avalanche multiplication gain) ¢

# F]+ (multiplication factor)® f§ i* 3 FRIR F T LT 2 Afh 2 # 3 5

(avalanche threshold > Em) p& sk & Secil g =

Ga= | (F)/ 1(Em)=exp(yd) [20]

HeY RS aEcy whR d) AP35 HEH 7+ Gy 22 Hhmlpk
2 ARG BRI AT EETE T F T F TR A W B
FPAFAEalic v 2 BonF e F Sy oM GO gL HF B2ty

Woo4oR 2-18 0 A RARBM DT HFLZRAZ HTH Eno 2 T HEF HARP

BRg:" »a b 4ef] 2-19 0 % HARP AXE TRl 2 # T HA% < » 2 3

o\

HARERH 4 > 4o®) 2-20 0 HARP B & 100um 2 et = 8§ 3 %

80V/pm -
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Multiplication

R L L AL N
0 50 100 150 200 250 300
Field {V/micron)

B 2-18 5 715 2 5 h o M(P) [17]

1000
—o—0.4um
—— 0.46um
—O0—2um
_ —0—8um
% 100 |
&
c
k=]
o
2
=
g 10 F
1 L L
0.0 0.5 1.0 1.5 2.0

Electric Field fx105Wm}

Bl 2-19 B # 51+ &= 5 &R % M, F) [15]
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T
3 & IGM
=
TE
=~ gse
0 ! | |
3 0 Jo 100

d(um)

B12-20 HARP 7&f & % 3 85 5 & B 4 En(d)[6]

10000
- —<&—0.4um
— ——0.46um
] —0—2um
R 1000 = 8um
=
P A
E .-""? l:l"'-’..-l""'r
g LA | e
5 100 —oF
U =
@ Q}dﬂ* ¥
o
h L
10
i
11
.1
0.1 i 10 100

llumination (Ix)
Bl 2-21 7 B kiR PR B M T (IX)[15]
Bofe NP R RIEFRT B E KRR R (EX 450nm) sk h4cB 2-21 47

7o R 4p HeAl L -
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2.2.3 % ¥ Fern g B AT
rhmiS B R 5 40-50°C> 50 H Ao > S5 0.2-0. 5%~

E
E

AR e TR a5 % (mobility) ik (lifetime) o e 4 it

10-50ppm # # +c & carrier range ; H %328 Bded 2-3 #157 o

2 2-32 500 6 £ 03 F g [21]

éntn

$3e T @R T WHE Y
e

As | PR | R ) %) ¥ 4 5 4
L TR R e S LA DA MR AT T el

R
% = : . :
BHF | L eaP | K | EHF | Lhah ]| FH
]
A

Cl AR R

EB

2o 0 B HE A 4T 2 ek ) (13D-network glasses ) frédfk B A 5 2
7 ( linear polymers ) > 0k Baa A3 130 W / cn’A £ 676 nm +§ A
17 [22]24 5 £8 S 4 > 258 L33 B4 it [ 16-20 cm™ > 17 cm™ 3 Boson
Fripg o B9 112 0m™ 5 Btk B HE Ses #1105 255 om™ S 4l AR I

bo) 2-22 ¢ (L4557 o
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0 80 120 180 240 300

m{cm'f}——"

B 2-22 (1256 ()8 % 10nW I £48ERBG 4 (3B £ 1000 = - 2485 f i [22]

100 300

w(cm") ———

Bl 2-23 2- om0 E R & A 47 [22]



MER 3B e 4e 0 TRtk 4R Seg 1t 112 em™ g B iR 0 BT B A

e d B 4c 2t

B ’Fﬁ"&f'zxz 5 M i

R EOEE R R e

S TR R L LA R R Y BT

At Tl PEase dod 2-4 9151 o

F 2-4 2 fom FRe A ARl PR
As at% 0 5 8 12 20
En(kdlcm?) | 2 12 7 8 45

1=1.3X10% W/cm?® ~ Ey(As.concentration) for As,Se;., alloy

% 2-57a-Se & a-As:Se; - L1+ [4]

e a-Se a-As,Se;
% A (g/cm’) 4.29 4.55
333 # 8 B (DSC 5°C/min) 50°C ~180°C
& 88 & (DSC 5°C/min) 100°C 300°C
L LM (V) 25 1.8

T e & (Q-cm) 10" 10%

T F B4 % (F 5 T 4 Viem) 0.16 ~2X10°F
eV (cm2/\/.S) 7X107 -
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2.3k % IR 2 RS

Wit e AR KRR > LA X kR T inded 2-6[1] 47T

®on-ifen-i-p BHenm T NE L 2 Rk i-layer fe @ X kR o

% 2-6 & 4F X kRl P % T R[]

100 | oo
10 by SO XK KK KKK KKK 10
PR =~ %7707 7% 7% 70 7% % %% % %"
(\" 1 1
=
- 0.1 01
< -
£ oo el 0.01
z a-Se a-Se a-Se Hgly Hgly Hgly Cdg 95Zng gsTe
oo i-layer n-i n-i-p PVD PVD sp CSS
2 10 Vipm (cold deposited) 10 Vipgm 0.25 V/ipm 0.4 V/ipm 0.5 V/ipm 0.25 Vipm
[5) 5
10 Vipgm
2 100 o 100
= !
FTTT
5 7/
&)
=l
—
<
a
0.01 HEEA
PhO PbO Pbly Pbly PbBr; HgBry Bily
PVD Sp PVD sp PVD PVD PVD
3 Vipm (Annealed at 1 Vipm I Vipgm SVipm 0.2 V/ipm 5.6 V/um
500 °C)
3 Vipm
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BRI RS BART I L A T S 3 A B A e
W rng Y BTk [23] 4ol 2-24(a) 7T sa-Se Wi LG F TR
[# & (HBL/HTL / n-layer )f= % + retg & (EBL/ ETL / p-layer ) » 4 J& ~ I
R ez~ > BT HA Gide Bl 2-24(b) %757 5 & T B4 & HBL
(n-layer) + %% % pr R 33 4oy T i ih 0 100 £/ 2 1000 5% 4 430422 R
F i Rkt~ HBL S 4kdf B ® 2B fo HBL 4 & Be@ 3T " 03 > 1 Rk 0

PEIIPAN 'r'si'qi Ev/f,-—rukﬁkwj ‘i\%&ﬁé L[24]

Thermal gensmtion Hole tapping layer Elechon tappng la LLE
Hole injection El!‘l:llﬂl'li.mitill:ln (n-like) )
. <o | 0~
-
-
- B e
f/ \ _
Hole trapping I Hole emission
] T -
¥ . f'""
(a) (b)

B 2-24 (a)f*+ @, (D) T H4 i 7 4 W[1]

AL DZR TR RO RS R A ERFS (D
Tk &R AL TRar T H K v (deep traps) 5 (2) & fost AR
Eeng F F 4 & (recombine) ; (3 ERgHA? A4 hEF Tk p e L B

£ ; Trapping 3 % A x4k 2-7 = 4f o
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% 2-T Trapping & % [2]

IR % 4B AR W > ;}%
DT F ~TFARF | RITCRETE kG FHRL D [25]
ik <& | DQE(QO)T " [26-30]

TR ALIE R MTF = 5
LR R LS

HE % T MTF 2+ 2
QT Ffrrag | FIRATE BT F ek mad g | [31]
WESDTFE B E | A F(Ghosting) N S (V.
@)t ® hE | AR T BRREFEAS FE | [32
SRR RL REFEEFTEL | APF FREF e

P Tea T F BT

2.3.1F " 4F T IR BEEL LT

GBS A F CHFEEESRIELRIEE - F CgE- LG #
Fa 2 ¥ T 25 FCCE T3 Fm3m 2 & 4#(a=0.541134(12) nm
JCPDS 34-394) - CeO, B B 2 M3 BT 2B R » =232 4|1t £ 4
CeOy »x 2 1.714-2 2 F » % B & 1 650°C r1 } pFE 4 #73) cha-type &
bR v 2 2R A R ARM 2 B B AP R4 2-20 #7F o VR R
FEW 2 F A SRS - BRARRT R T VGRS o R Y K
braE L o 2R CeM B RS Ce¥ A § Lk 4o 2-26 T o (Ce*t=1.14A,

Ce*'=0.97 A)
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e-4+

® O~
vacancy
O ce*

B 2-25 CeO, & % 7 & B[33]

5.7

5.65

w
(-

bate
i
vy

lattice parameter (.7\)
>
B
>

w
.-
“w

54+ T T T T T
2 195 19 185 18 175 L7 165 L6 155 LS
composition (x in Cer)

g] 2 26 CeOX BB ’}‘)‘_3, §£[46]

4Cec. + O — 2Cece + 2Ce oo+ Vo + (1/2) Dy 4io..Ce* B & Ce* [33]

Kroger-Vink notation ; # XRD % #74®] 2-27

(a) (1)
-~
=
«
N’
e
= (220)
z
S
=
L
(222) (400)
20 30 40 50 60 70

20(degree)

] 2-27 CeO, XRD A 5[33]
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2.4 A HCT IR

2010 & J. A. Rowlands B F3 5 4% &) & 4¢ T 12k ( Distributed resistive
layer / Resistive interface layer ) s~ 452 B > H 245 54 lum 7
fo 5 % 5 5X10™ Q.om £ 8wt ik s a4 ( Cellulose Acetate )fz§ 3 it
(Acetone ) [7T]5E "3k = ~ 2 2 5T 3#-3 104 Vium [7] > £ &0 ZFig > 5%

?;ﬁ % 224 {5\@: = ;\1 ‘%ﬂg; DRL —ﬁr'g] 2-28 HARP “'g.':’f#- °

CeO: RIL
ITC\):
Light Q
I:> a-Se §~
73

+ Bias Sb,S, + Bias Sb,S,

F 2-28 A 4¢3 ek DRL(RIL)#51 » [45]
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2.0 % BT

@ 5 HARP 12 % 3 i i8] Sb,Sq a4 T+ U5 < J4[34]7 31 AR T

WA BRI FFE ST S AR R R R 2-29 T o

T T T T T T T T T

4

100 __v metal electrodes readout 4

>< electron beam readout

X

Total Gain

XK

_ Y
x x

80 85 90 95 100 105
Electric field, V/um

Bl 2-29 & F & WPz His 7 1&[34]

e 742 HARP =~ £ 61 Sh,S; 7 + Fef g 5 p-like layers fe H 74 5 i~
e BT e S8 ( 4 2-8) 0 % 254 Schottky contact barrier » 4§ 2-30 #7
7 > & s JR Schottky st oy = Egty-ym 2 @ EQ & p At B0y = p-like layer
TS oy 5 £ B S 2 T = built in potential ¢ =

WotE-Er i & F8F 4R Schottky 2278 #t H yp 2 R 22 2@ dok 2-8 #757 o
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Metal | Semiconducton

I 1, 4 |
o CBmt e e | === CB

Wacuum

‘l @ E’r'
E J E
3 [
V=== = === i === VB
IR
¥ ;" 4
Metal Semiconducto Contact
pivpe

B 2-30 £ g X Habd & w18 I B 1 [35]

% 2-8 £ H R ARE Sh,S; &Py, 2 ¢ [36]

Un | Yo REV) | or 2 eV

Mg 3.61 1.28 0.46
Al 4.18 1.23 0.41
Bi 4.22 1.26 0.44
Cr 4,44 - -

Sb 4.56 127 0.45
Au 4.71 1.13 0.31
Ni 473 132 0.50
Te 4.95 1.14 0.32
Pt 5.43 1.03 0.21

RABE P @ v nfE RS (RER D fE[34] 2 inAE 500 pm a-Se
(0.2-0.5% As 10-40 ppm)*+ ITO A4 » 3 2 & BT F (% 2-9)&
RFEFTHYH R AR el 2-31 0 THH M 5 05 cm? ("ﬁl 3
ilem®) BY @ Al In THREFFETERE > Al TE TRk

Mo F AT SR R M FOREE S L TR
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current (A)
=)
(1)

1 10" 10° 10° 10*

time (s)

Bl 2-31 & 487 1% 2000V 2% & It BI[34]

% 2-9 & 46 % & 2000V =7 B 7 [34]

Process Metal Area i (eV). N(laVY ISOOOS_/I3S
work function (ratio)
Ca 2.9 3.8 0.25
Mg 3.65 - 3X10™
In 4.1 1.3 0.8
Bi 4.2 3.8 8 X107
Thermal Al 4.25 0.8 1
evaporation Zn 0'52 4.3 4.9 4X10°
Sn o 4.4 2.4 0.3
Cr 45 2 8X107
Ag 4.6 2.1 0.16
Cu 4.7 2.8 2X107
Au 5.1 1.7 3X107?
Pd 1cm? 5.1 4.0 1.4X107
sputter -
Ni 0.5 5.2 3.8 0.1
Pt cm? 5.65 1.8 3X10%
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2.6 = &y

p-n o HZ W R AF 2 HARP p-i-n 4@ cha-Se = HIM 4 0§ 49 =
iR A e p(ShySs)-n(CeOy )i FF » 3w & FF Fd 22 « e v o M
B4 (1) 7 e tunneling effect ) @ § e F R H 64 & pn £
o BT+ Tl BA THELKIER A 0 AeB 2-32(a) T 5 (2)2 H R
3 ( avalanche multiplication ) : pni&® 3= KHAET Y pndEe & p+-n
Hiplddze X2 L%F]RE2 03 (7 1 FIRLHFFI LA
s i RS T EE L gehbeit o BaERF R > AR L RaER > A4 T
F R HEHP 240 2" Do AL R e F 0 EE R F R AT
B+ A2 RO F Tk HEHP 328 ) o v ARf L = # & # (avalanche

multiplication ) » 4B (b) #11 -

1 2-32 (a)% kol (D)Z # 3 5
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2. T AR Nk SR 3T
(DEE®ES B R L ER - T3 £ 8 mfpiwos 82 - - 4
ﬂ??&%ﬁﬁﬁﬁﬁ?ﬁ§&ﬁ’F%%@ﬁ@ﬁ%@’ﬁﬁﬁﬁﬁg
kA L 5 T T (plasma discharge )3 - d gt - T2 ¢ RS
frp d Rt R gt P i F YA TRISBREF I

MA PR AR R T

s
F_k
=
).
Y
W

'S
—~
|
o
e
ey

)

S
Sy

N—

=

®
<l

@h

BT A é;{%ﬁ%ﬁ?%#éﬁ% v #1356 MHz = i 7 BRI F B id 7 3 B
WA Rk waid e RALE R FIE T A DB RS E I BESRR TS
IDEVE Sl R B X ¥ #?ﬁ%&%?@ﬁﬁﬁ’ﬂiﬁﬁéﬁa
F AR S D T B el 2-33 4 I TR A F o R
BHTA D A i AR TR REEARE N H L R F §F RS8R o
PR F e R -

Mechanical

Substrate
holder
rd

I
Target
b

Plasma

B 2-33 (a)E4rRes, (bR BERE
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(2)%v e 3N F 48

FpE SN 4 R RE L v B R FT ( mechanical pump ) 44 5x10°torr

—-\\

s34 FEmETF (turbopump) dmdh 3 8X10° torr T o A B 4B AR (T
¥ RSB 234 FEREL AN B T LB T IS S B A ik S
4 (boat ) s dEfe (a-Seslug) FPIFITH BE R » RAILEF A HF

WRE L B RIS RERP R AT PG R E

"
o
S
F_*

PRELIG P Ak AR R T enIE 4R R B (shutter) e

P2 de A 3R A R F R N A R AR S AT RO o

chamber

[ Machanical

Pump

p ‘

Turbo
L pump

12 cm
s ~N
Machanical :t

\ J boat

B 2-34 #Fupe N F4E kb
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3.1 5 % inAz

TR AR A 3-20 B G end P ET 3y (1TO )ijERicts 5 &
BiR4Er Tk ek ( HBL / n-layer ) ~ # &4zt fom kT 3 & ( a-Se
based i-layer ) ~ ®4g =% + [2fg & (EBL/p-layer) > &t £ BEF A N f54F T
PREREYRELE Y T (TE) » 40k 3-1-

# 3L lAz g A

i B B/ K B R B -k s

1 Tk R A -5 1 4 CeOy FEFE ITO & &7 i ej3 »

2 kT A FoFeE- 2L R0 asSe | rRiTk F e §UREL
3 E LR RAE-FLC B0 ShSs | MR £ B E BT S dgui ~

4 AETTR IR S % i —-CA Bk Ap koA 2x T B

5 R i X Gt i

BRI SEM AT g R e RS - A AR
AFM #5 = & g de ke > 12 XRD A 478 &% > XPS ~ % #1447
UV-visible & 47 & 5o o ddd - * Hall 4= 2RI+ ER 2 848 5 o f &
WREAEE » g R R jracERHr L ITO e £ TS £
& > BB A& 5 lux ;& & 550 nm % k- 450 nm sk 5 kR o BRI TT R T Sk

R B 15 HARP dp % 0P 5 T ot & REPERF B 4 R R o
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+ 3-2 F Zi AR

O B A E S it
ITO / Si #% SEM
#4547 CeO, —_—> : ¢ uv
. 4 /
#h % 4%a-Se Hall
%g:
| TE/AL - |\Cp &
DRL i
ot XPS
4% Sh,S, EBL /Sb,S, %
1 IR
,l, a-Se¢ s
HBL /. €CeOs0r ZnO AFM
#e £ DRL ITO
Al L E AR
R AT F R
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3.2 HARP ~ i+ %] i
3. 2.1 2§, 78 & BT

AR SR IR S AR T 25 0 % (a-Se ) Sofiche & 3-3 0 ¥ ke
Fo 4 12 % 8 250 °C -280 °C[4] » 4& 5 2-4 pm/min » & F S HRE & 5 180
°C-210°C » ™Mt ~ % %3 8- 220°C » 484 & ;N 48 F 1.5-5 um / min it 4

AEAEN AFER G AP % 5 25-36°C i”&*?é);%v‘ 65-70°C [4] -

Thermal evaporator

Big boat S ;;Je [4]
1 ITEEdE 12 cm A T
go &R 180 °C 200 °C 210°C
go & TR 150 A 165 A 185 A A A
TR AP 8 min 9 min 30 sec 6 min50sec
FHEAFER 180-185 200-205 215-220 250-280
4% % ( um/min) 1.3 3.5 5 2-4
AEERAE 25-34 25-36 25-36 65-70
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3.2. 2 Fe Rk it AR

PRE A S TFE T IR AR %R B RE AR (F 2-34)

/ﬁ?f% CeOQ ?_, & szSg ':ﬂr: =+ FE‘F‘%-@] °

(a) CeO, 7 iF Fﬂfﬁéﬁ

12 Ce o 44 4% CeO, M1 5 TR IR » B Sodicded 34 -

% 3+4-%4x CeO, ¥

e 44 Ce & Bi=
& CeO;

RF = &% 30 W

1 TR 15cm

1R 1x10%torr

AFERRE 25°C
Aril € (sccm) 20 sccm
O, L & (sccm) 0 5 10 15 20 30 40
&5 (nm/min) | 3.5 0.78 0.7 0.69 0.6 0.5 0.5
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(b) ShyS3 T + re i &

" szSg ¥e ’H’ /?;fj}fi szSg Egif% f; ’:ﬂ‘i =+ F_E'.Ffﬁ-%] ’ —E- %ﬁ'\ﬁi'ﬁf%‘\ 3_5 °

# 3-5 Rk Sb,S; S #k

fo 44 Sb,S;
R Sh,S;
RF # 50 W
1 TR 15cm
1R R 8x10° torr
AR R 25°C
Ar i £ ('sccm) 20 sccm
O, i & (sccm) 0 sccm
4 % (nm/min ) 10 nm/ min
% ¥ (min:sec ) 4:54 9:47 19:34 29:21
E R (nm) 50 100 200 300
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3. 2.3 ~ #75% T re & (Distributed resistive layer, DRL)
AF SR E DRL VR R R R K

S Bched 3-6 #ToT o

# 3-6 DRL *zi& % iv ¥k

¥ FEECRE ik BRI EE-kk

2000 rpm 10 # -

500 rpm 5 #) 2000 rpm 10 #;
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3.2.4 wyir

ARERPEE ITO T3 7 T48 > M HEVE > NN lepeE v s R
15 B4R S lchcd 3-T 977 « WIFR & o f ¥ B ElAAH 2 5m ki w
R B AL BT RBEARES0 CCERFT L AL M AN AR
BABETIREELRBI G > - B R HA S N T e
WL AR R AR R R E R R Z G R 5B S
FE R 2 Pew AR Y LG S0 30W R 4R AR 3 ) P AR R IS0

30°C > E A % 100 nm -

F 3T F R AmLrRaR 5 #c

% & 4 Ar 0 P 5 R

target
(W (torr) (scem) (scem) (hr) (nm)
Al 30 8E-3 20 0 3 100
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3.2.5 dn f vient]

TE / Al
DRL
EBL / Sb,S,

a-Se
HBL / CeO, or ZnO
ITO

@ 3-1 HARP 4 & ng:%—*#ﬁ_ 2 B

Bl dr et B ET 3y (ITO)idikrkacts » 2 BRI T F IR A
(HBL/N-layer) ~ # % 4 2 %0 %2 # e & (a-Se based i-layer ) ~ 47 +
Ferg & (EBL/P-layer)> B R R B F TR ME B RELE L T

S7(TE) » &0 oS40 300 B A 2 4050 o2 3-8 577 -

2. 3-8 HARP iy & %% 607 B

g B B/ K M X E R
1 | & iFrefk (HBL) | Sputter CeO, (§ i 4F)
2 % T & & (AL) | Evaporate a-Se (Z£ 5 #9355
3 7k re & (EBL) | Sputter Sb,Ss3 (i i 4%)
4 | # %tk (DRL) | Spin coating | CA (fF p S 8% i3 >0 3 fik)
5 4R &(TE) Sputter Al (£ §48)
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T MR RE Ao B 3-2 977 0 2% B HARP & 220 ped LED < 5 kiR 3
sameflo b o X dds NEELR X 2P Bl BEE MR
TREATEBEHES I ET & HARP (hITO & v f 558 ¥ 4R W i
+ £ A > 12 Keithley 237 2R BIF T G cng it d TR0
B 2R N 4cB 3-3a ~ Bl 3-3b #7or o

- oW
— 1

—

Top electrode
DRL

Sb,S;

05 [Nl
@858

> '=|I]= En OO

C602 v
15 cm @
| 450 nm 550 nm |F[[ 5 lux

Bl 3-2 £ % 37 B

A TG %k LED(B) 3-3(a)) e & ik LED(B(b))iF % ik H 5% A&
A e Bl (d)rm 0 3 R R P (BI(C))Fx T2 /0 0 B R RIFF R T KR

ﬁﬁ)ﬁ—",y o
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~ 550 nm LED ~ 450 nm LED

(a)% % LED (b) & LED ()RR

1.0

os N1/ f
e ‘\BLUE/ \ GREEN ]\ RED
5 Vo [ Y
o WA VA
ol A1 2 NN

400 450 500 550 600 650 700
Wavelength (nm)

Relative Spectral Power
Distribution

(d)E kL LED £3% % #
Current (A)

N

>~
>

Light
ON

Light
current

/ Dark
OFF OFF /_/ current

Time (,Sec. ) Fiel?j (V/ pum)

(e) (f)

Current (A)

Bl 3-3(a) %k LED > (b)F* LED» (c)R A » (A)E% kL LED %@~ # > (e) It

TERER R TR (DI RET AR T
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FEERRE BRI TS o T BRER(D®B T ( dark
current ) PERAE T > 200 518 £ 0 L # B L5 lux %k A Ek LED > B
| ()X TR ;% 400 fypF < BB F LED > 3 600 £ s % 1
ERETR B ER  LRBERY M4l FE I HARP R 1B4 224 2 7
T T AT LB 200 B ER SR R~ KRN W
()3 -3 > 1A (3HARP 252 8- %1 > (A)HARP £ H )z
Are R H FUA LT R R - TERERET AN EERE  FLA

SRR CELATEE S LN SRR SR
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3.4 HHLA

3.4.1 F-% 544 3V T+ B pkst

AR R R OF S 57 S B g4t ( Scanning Elecron Microscope
SEM) it {784 & % pL¥7m 2,50 A 4 5 # 2 315 % JOEL JSM 6500F -
HREIAN* RFEAZTF A SEBRESEREL Y it L ERET
Rt i W EEAIT F A TF R ARB] RS d PERE I AFET L

BN KT AR E PN A s T A e T e

BB T R TS ARAE S B R AT 5 26V BT R

LoHg St R T T ML S A Rk e R L (LY 5 4)
EBTHET T g R RS AT S L BACF 5 02036V
“PRGEESIETR(TE L om T o BN TS AR
1800 K 4 i® > Wi &% £ o F B A F 0 qdm KT /N> ¥ 3 fid g 547

SRR R AR ST TR T (1003 1T o B R R B4 S AR AT 0L

Nud
=X

4
g

'E/(l’ﬁ:é Z’\_\‘,‘ 35 |,- ’ r{ﬁ/f%’\ﬁ**%}iﬁi; :E ?a;’}ﬁ%

|

>
o
#m
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3.4.2 Mgm b X kit ik

AFsmier 2 X kyeitik ( XRD )€ * Bruker D8 s & 7§ /& 40
KV~ % 40 mA » £k CuKo=0.15406 nm 5 Ni-Filter jgit 15 » X e &
WA R FE S LR WRIER 20=20~80 RFRITAG FHE 0 fIF &
B TEI N X kEFHREL A EHEEL R ¢ ( Joint
Committee on Powder Diffraction Standards ; JCPDS ) #7i& * s k $eb4 3 4L

B4t BT R R S A g

188] %5 L2 0 ¥ 4%
L
M
XA /

BFSLYN i)

FES-1 402

3k

B 2ien X ok YEST B RIGEPE 3 R AL F PR MR > (symmetric
Bragg diffraction ) » T » ¢k & & s L Ap AL o F] X KL T BIFER

B2sin0/p F I o gt A0 B Xk M EE o G R A e Tl o $
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PEnH A A T o U ERACETEE AR 0 ST TR 2L SR
Bl B Wk et b £ 30 g AR R AR AT T A 2 2 A R B S
B2 P FEAFRE o FM o S0 R R FREDREERRE Rt d Xk

~ &+ (grazing incidence angle XRD) 72 > ¥ P &g 3 9 J& e e b0 5L o

R P s il A Xk EH LY PRI HE

— R SR G ER R SR HAEA S SRR R F PR
20nqsinO=ni > o SESFAE 22 20 BE 0k > T @ FAP BT & BEE dua 0§ » 5
EHF S THEIFE IR RN AEL BN SRES B oo e X
kehr bt h > T AT RIFEEDEE o d NI R L A 6 F g D5
B o= Bgo] ot Xk A TAEREE 0 B R bk { B R A AL B
B X WTEHE LK RIET ARSI 8 X % b

BIEZFZE T amd Xk r&2 o
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3. 2.3 % ¢h /7 Bk woz kiR

Eoeb/v oA ke kW iR LA LWER O REL B FAE kG
FrRyI - T RAREDEERDRSE > F IS H R SR
B Mk (Anm) & &% Sz B (Abs.) & B4R 37 g 112
ES TR R A T U XEAWS T B A RERES
By k2 ;12 Beer-Lambert ®_ & G A# = Jc & A ( Absorbance ) feiE
ek fc i #ic (1 Absorption or extinction coefficient or extinction ) 3

Fal i B

_ Iy _ 1_
A—logf—logT—alC

jud
L8
—
P

7 i F (Transmittance) >l 2 &% E & (cm) > C 5 &%k & (mol /

|—
N
|
o
B

1; @ ~F B4 7 200nm 3] 900nm s Jz k3% o

Bl 3-5 &k F s jzor & B
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3.2.4 BB RR

APk & EF R &k (Hall effect measurement ) £ [+ &
CeQ, st ik & fo i+ 18 4% & (mobility) ; B »efu 7L g pidie
R R BB A AR B AL e LR Vi b R g ¢

TR LT BBt NEBA Y A TR AL T R s

RERER > 24 8§ AP BT fro T oE=qVeBy 5 ~ 2RIE V=l

By /nqt > #& n=I, B,/ qVut > pu.=g/np

3
y
B
a
t FB X ’/
L
™ :
|
Ve
, . 1 H—1T

1
|
‘ v
Fy E

Bl 3-6 B F: et 4 2 frr 4
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x fiiv 8 545 % 5 % ( ESCA > Electron Spectroscopy for Chemical

Analysis )& B3 2 3| A3 p K (bl4e Z #uB)T F R & i (Ez)en X kRt

sae v 4d T3V A R By = hv-E,-W

He BEya kg Fdaoh %495 ¥ #i(Planck constant ) » v 3 X £ 4F

&
e

FoE 2T RSN W R WAA G ik R E sk o

Rt
=

AZFARDRFIAREN > NI RRFEFF NI PR ERT S

34

Ed Wiplipe kT F oo )T*C»E‘E RS R PAE AT o ARG LT
BB bl4o ECSA - ¥R P 20 2R oA 1T RE > RRISFY 5
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