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ABSTRACT

Photovoltaic Characteristics in Solar Cell

by Doping into Thin Film

Kim, Cheol—Joon
Advisor : Prof. Lee, Woo—Sun, Ph. D.
Department of Electrical Engineering,

Graduate School of Chosun University

Cadmium telluride (CdTe) thin-film solar cell technology is well known
that it can theoretically improve its conversion efficiency and manufacturing
costs compared to the conventional silicon solar cell technology, due to its
optical band gap energy (about 1.45¢V) for solar energy absorption, high
light absorption capability and low cost requirements for producing solar
cells. Although the prior studies obtained the high light absorption, CdTe
thin film solar cell has not been come up to the sufficient efficiency yet.
The maximum efficiency of a CdTe thin film solar cell still remains just
16.5% despite its excellent absorption coefficient; 1i.e., the electrical
properties of CdTe thin film, including the resistivity, must be improved to
enhance the energy conversion efficiency. The electrical properties of CdTe
thin films are essentially determined by the doping process; so, doping
method was selected for the improvement of the electrical characteristics in

CdTe solar cells. Some elements including Cu, Ag, Cd and Te were

= viii -



generally used for the p-dopant as substitutional acceptors in CdTe thin film.
First, the sputtering-deposited CdTe thin film was immersed in AgNOs3
solution for ion exchange method to dope Ag ions. The effects of
immersion temperature and Ag-concentration were investigated on the optical
properties and electrical characteristics of CdTe thin film by using Auger
electron spectroscopy (AES) depth-profile, UV-visible spectrophotometer, and
a Hall effect measurement system. The best optical and electrical
characteristics were sucessfully obtained by Ag doping at high temperature
and concentration. The larger and more uniform diffusion of Ag ions made
increase of the Ag ion density in CdTe thin film to decrease the series
resistance as well as mede the faster diffusion of light by the metal ions to
enhance the light absorption.

Second, Ag was doped by using helium-neon (He-Ne) laser (632.8 nm)
exposure into sputtering-deposited p-type CdTe thin films. The resistivity of
the Ag-doped CdTe thin films was reduced from 2.97x10" Q-cm to the
order of 5.16x10” Q-cm. The carrier concentration of CdTe thin films had
increased to 1.6x10'°cm’after a 15-minute exposure to the He-Ne laser. The
average absorbance value of CdTe thin films was improved from 1.81 to
3.01 by the doping of Ag due to impurity-scattering. These improved
properties should contribute to the efficiency of the photovoltaic effect of
the photogenerated charged carriers. The methodology in this study is very
simple and effective to dope a multilayered thin film solar cell with a
relatively short process time, no wet-process, and selective treatment.

Laser-induced doping method was chosen to dope Al as a donor into
CdTe thin films to perform the selective and controllable doping process for
the multilayer structured photovoltaic devices. laser-induced doping of Al

used He-Ne laser exposure into the sputtering-deposited p-type CdTe thin

_ix_



films after annealed at 400 °C for lhour. The AES depth profile showed the
better doping uniformity in the longer exposure time of He-Ne laser in
doping process. The conductivity of CdTe thin films was changed from
p-type to n-typeonce the doping of Al was performed. The optical band gap
energy of CdTe thin films decreased from 1.451 eV to 1.418 eV after 10
minutes of the Al doping. The average absorbance value of the CdTe thin
films improved from 1.58 to 1.72 by doping with Al due to
impurity-scattering via the doped Al atoms in the CdTe thin films. The
resistivity of the Al-doped CdTe thin films was reduced significantly from
the order of 10 Q-cm to the order of 10° Q-cm at only 1 minute of
exposure. The carrier concentration of the CdTe thin films increased to a
maximum value of 1.2x10*' cm’after a 10-minutes exposure to the He-Ne
laser. The laser-induced doping of Al into CdTe thin films is very simple
and effective to dope a multilayered thin film solar cell with a relatively
short process time, no wet-process, and selective treatment to control the
conductivity type, optical band gap energy, absorbance, carrier concentration,

and resistivity of the thin films.
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Fig. 5 Basic Structure of Solar Cell:
(a) Cross—Sectional Structure and (b) Structure Diagram. %"
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Fig. 9 Band Diagram under Illumination Showing the Direction of Motion
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Fig. 10 Current—Voltage Curve of a p—n Junction Solar Cell (a) in the

Dark and (b) under Ilumination
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Tintad areas:
67 - 87% representing thermodynamic limit
31 - 41% representing single bandgap limit

US$0.50/W

Thermodynamic
limit
US$1.00/wW

Single bandgap
liit

UsS$3.50wW

Efficiency, %

Cost, US$/m?

The first generation The second generation The third generation

Classification Vacuum-based Roll-printed
Wafer cells 2 : :
thin film on glass thin film on foil

Sputtering, evaporation in a vacuum

5i wafer processing Printing in plain air

chamber
Process contral Fragile wafers Expensive metrology Bu:;':ﬂgﬁ::r;p
Process yield Robust Fragile Robust
Materials utilization 30% 0-50% Owver 95 %
Substrate Water Glass Conductive Foil
Continuous No-wafer No-glass Yes
handling Handling
Cell matching Yes No Yes
Panel current High Low High
Energy payback 3 years 1.7 years Less than 1 month
Throughput/Cap.Ex. 1 25 10-25

Fig. 11 Generation Classification of Solar Cells.
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Crystal
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Poly
Crystal

1

Amorphous

Fine
Crystalline
Stack

|

Compound
Semiconductor

II-III-¥I (CIS, CIGS)

II-VI (CdTe)

III-¥ (GaAs, InP)

=i Others

Dye Sensitized

Quantum
Dot

d

Organic

Module Share
Efficiency Rate

~14%0 43%0

~13%0 499¢p

~6%0

4.7%

~8%0

~10% < 1%

~9% 2.7%

~19%0

~6%0

~5%0

Fig. 12 Classification of Solar Cells according to the Materials of

Absorption Layer.
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Fig. 13 Absorption Coefficient of Absorption Layer Materials for Solar
Cells.
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Fig. 14 Cross—sectional SEM Image of Silicon Thin Film Solar Cell.

o

=
B

Sun light

Photo Current (A/W)
e o
Y, W

=
=

o
1

400 600 800 1000
Wave lenath (nm)

Fig. 15 Abosorption Spectrum of Amorphous Silicon and g c—Si.
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Fig. 16 Crystalline Volume Fraction of Silicon Thin Film Material.
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Thick, Materials Process
3 um, Al / 50nm, Ni E-beam evaporation
100nm, MgF, E-beam evaporation
AR layer 500nm, n-AZO / 50nm, i-Zn0 RF sputtering
Window (BZO, GzQ) (MOCVD)
Buffer 50nm, CdS CBD
(Cd-free Zn(0,S,0H)_,In(OH)S)
Abcothee Co-evaporation
23 "git{lnm'gz}%s] (Sputtering + Selenization,
Back contact (Wide tandgap, C215) Sulphurization)
Substrate
2-3mm, 5LG ;
(Sus, Ti, Polymide) Cleaning

Fig. 17 Basic Structure of CIGS Thin Film Solar Cell.
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(In—line) & 43 o]Fasldx] utwto] A ztEojof shi=H], o] A =4 A7}
AV GH A By w9 of#] -1, o= && Tl 7P F Fefeclo] Ha gl
.

2aAl &4 WS 29 183 o] CIG 52 CIGS A4 (Precursor) Al
2tat A s (Selenization) 5 33} (Sulfurization) o 9J3t Folth A A4
Ag Agtste], A5 CIGS 3= WA 2AS eHdshr] flaiA 12 94
g BYE AAA Hoh 5, SEHo] CIGS T2 Tdst #dolx A=yt o
FolA = AR 2y 29 A SHE AR uE 7 He Anjelx At
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RTP (550C)

CulGa)/In

CIGS Crystallization

Sputtering Se Deposition

r
I
|
|
|
|
|

Eleciro=deposition
ink-based deposition | N/9e/HsS almosphers
Step 1: Step 2:
SLG-Glass | ? ‘? ? ? ? <F:|Gbs_ M;:_dule
Substrate aprication
+8iN Barrier S R Y | R 4 4 4 4 A
DD ®
Mo Cu(Ga) In Se
CIGS-Precursor-Layers: RTP: Rapid Thermal Processing
» DC Magnetron Sputtering of Cu, In, Ga » High heating rates
» Se line source evapor. + Short cycles
*» Defined Sodium doping * In sulphur atmosphere

Fig. 18 Two—step Process for CIGS Thin Film.®"
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3. CdTe dt9 gl & A
T71ER2NY 159 A4 (Zn, Cd 3) 9 VIS A&, Se, Te )E 74
He I-VIF 38+ BeAle 25 A3old ouA MeyxE 7FAa Sl
m, E4tH(Absorption edge) ©]&e] FAAANA FE5ASIF w] Aok
CdTex= oA WE=7o] 1.45eVelr, AFolyd MMEFxE Zkal glojA F5
FAF(10°%cm™ ) 7} 2 Zlo] Aotk o)Al tho]er o2& AMgaEte]
gl Aol oabd WE=A9 gro] 1.5eV A w, kA9 HjFgo] dojn
E F opm AR FAMOERE YAkE= do] o

5 wjFo)] CdTe: vz dHFE goFdA

1
M
o
ol
BN
ok
+
32
O
o
&
S
o

CdTe &A= p—¥(Cu, Ag =¥ I-F, V-F =) n—F B, Al In,

hube] 9 FAES U2 S& =R EL] AA 4 A Jgom FeE
T QoA B AEAS Ze o] el Fdvke Flolth o] &

CdTe §4374 ToAMEZ Qlal, CdTe/CdS 714t ElFdX]7F We w=E¥H & T
= wAsth o9} 2 o] fE EdA el AFEEE CdTest CdS ¥EtaAlE
HE T=EX 2 A2 A tiale] CdTex Cdy Te FoEo] =393
S 317] wiEe] AF B2 £xe £Ao] Fsth CdTe ¥e Alxstr] ¢t

W o g HNFEZH (Vacuum Evaporation), IAZ&ZZH (ALD, Atomic

M
)
g
N
rlr

1_4

Layer Deposition), 3=+ (Electro—Deposition), ~~Z#o]dw31H (Spray
Pyrolysis), =%718181717%5 2% (MOCVD, MetalOrganic Chemical Vapor
Deposition) °] &85 9l

CdTeZ ol &sto] BFdAE A& A9 FEFT Ag7F #a 29 A2
%7 A7l wiEd gy FFH s (Homojunction)  HUHE o]FAHE
(Heterojunction) FEl= A€t o]F3 e Fele] sjFdAlol] Q5= =0

13 AA}4= (Lattice  Constant) % A HAA 4

it

al
&

i)
ftlo

FYsH T

(e} fus

2
1o

(Thermal Expansion Coefficient) 2] Asto] =11, #5553 A5 (Window

Layer) 9 Wl=71 2ol (JE) 7 4= T, & MERS zt= FFog do) 9

o
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AP7E 7Fe s A Solth olgd 2ES wEshe [I-VIF e wheA g o)F

A& FelM (n)CdS/(p)CdTe®] B¢ JE= =

Eolvhs AelA ek az ZgEs 4ol
o=

(e}

NREL Q7o F84d5 3 53] S97/140= $ato] 16.4%°] Hiaa=

= %A A Aog AgEct =3 7|E9] CISge HETRE 5]
VEE HFAA Azl gt dFE DEstar et

A5 (CdS, CdTe) @ 1702 FHAS(ITO & SnOxF) ¥ dAdz &
Aoz A da, 74 749 24E5e] #7A, ¥ 54 4 &
Aol weba elFHA ] a8 9 kgA o] A At CdTe HEFHAE 4
gt o= dRbA o2 "o QQAlE = TS WA F®SE 49 ‘Superstrate' T
25 Attt CdS7t 2.4eVel oy =S 7HAa 7] Wil 7HAE o
olo] Wle FZ9l CdSE FH8le] CdTeol & FrHw, HdeE HAsA «
k. CdTeel H3l CdSe =FsZe w9 ¥i, 74 Fg gkoby FHS
(Depletion Layer)<> 2] CdTe 9o AT o 3] AAHHE A= &
Al A" A71Fe] g8 gAolA Hrt ojw] AAE CdS FHoE, TS
CdTe Ho= wHola, o7 Qg olyA &9 27t TAsk=tl, o] o]
9 ol 7} B o &dstrt,

o]y gt ElFHA R Jee A E QA0 R oy FHH It QAN M
Qsttha dEA g A CdTe/CdS A 547 $9 A= S0t A
HA%o] CdTexr FEFAF7E Wlf AA CdSE Fosr Y2 CdTe W =,
P A A BT F5Ee] Ayt AgEH, ojedk Matege dA7|ge e
2 olgatAl "t wEkA FE B4l S5k Kstd dskE & AAsH] o ¥
a & ol FAIIAE Xetth gy

=
(Ohmic Contact)S ¥Ast7] o]t A 540 =zt 1 A4 A

[‘2 of\
Mo of

in)
i)



o]l AAA Hdd AAHoR7 Ax EAJo] Asher),
CdTeE ARESH BiFdA= 274 vty Fej= A=Y, #1g4d Si A4

o} CiSAl @At 84 71 A83F 7ol e v g

Atk 53] wAA Si "gFAA ] vl oA

ol sk, CISAl e Ae] nlsiAs digd date] goldt FHE 7143 9l

.

whA

Soda lime glass

Metal contact

4-'_*<Sn0 or ITO

CdS window layer
CdTe absorber layer

Metal back contact

Fig. 19 Structure of CdTe Thin Film Solar Cell.
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III. CdTe ¥ 53 2 =9 373

CdTe 7|8k HFF A= dubdow 2!
(surface morphology) el 7]1Q1gt =& d/del Es TS He Aoz A
At wEbd nEs eFd 220 AFS YeirE CdTe vbete] =2 iy ol
Az o]l diws] Fastth 7]Eel CdTe B Ak HalA 453
(close spaced sublimation, CSS), =%]7]”+% 2 (physical vapor deposition,

PVD), ZAFE=2, 7144552 (vapor transport deposition, VTD), 57|

4% (closed space vapor transport), 2 (electrodeposition), ~Z ¢~
A (screen printing), 2~ dlo] A2l H (spray pyrolysis), T5-7713}8H7]%4

%2 (metalorganic chemical vapor deposition, MOCVD), and RFAHEHH
(RF sputtering) ol AH&HFo] HaE ).

AdWbA o w7 = LTl X 7E et {fA47F ke
71@3e] Aol mm FEol AuA oot wE FH SRR oiEA kA
= Azxstr)ol Agde Ao w Ao Stk Hols AT ET kel 4

e AR 7

SN E CdS o] Agett /e wFatel ole] £Rol HeEe xY

i
& S B S olgel T £EF 24

- 2 SR8 -k Zlo] SAolth A
Au)E o= Al 9 gidd e ko] AVEY WHoR CdS wEts F3
sk Wl digk A7 dastt

sogEe A g AFRAVE o Fold A Uz F9 5]

ZekznkE AR F AutetaAl sk B (target) =83 FEAIA °olF 7]
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olF1 Qv die ARYH AR dIdFE S5 5 AdS W S E Y
Ao} EA7F "old yeA ok "ojA v B dxte) &
A Fodeta g Z1ake] At A A ofskd W Adue
uebA AHEE A 7@ B As Fed A " o7 <l
7he Aol AFd A5 AFAHEHH(DC sputtering methode) 2f a4
R o7 ALA o AFEGe] ARgHTh AAA) FE FEAE ufF A9 A
gato] wuks Azt ojw) wRHHYAL 13.56 Mk F34E 7HAM o]& RF
g} gt} olefd Wi AdS QUHHYCR AMgete AYEHIWE AR AHEHY
(RF sputterig) folet &th. RF AHEHPHS thE HAE 3|2 wo]z=9] A
Z e AAA -l g A e} HA 7}

HAQle] & 4 Qo= i
ke

Y EE A E Y (magnetron sputtering) ©l & WA E ZEt=nlE o -2)
Aol sk Aol gal Frlate] Y]] AutAl7]= ol oy E 31z
o] o]Fojd A AA BAYS Zet=vtes LS Ho AdAo® el v

oS A% £ k. AFAAS NbFeBAIZF 2 AFEE M 37 oE g
oA FAHA A eI AT AA= HHAIEHE A, v EES A A
o] =om QrlEl Ao w DC magnetron sputteringo]@} 3hc}.

olel g 2dE PN P We VAN FAW AR FHo] A

dhol whuk Sole] zo) WwA golatn B Sl vale nrh Ane ¢
2% 28 Jhsads Zolth 1% 208 ol AvEUYe] A4S Ueh
Zeltt,
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Background gas
) Neutral target atom
@ Electron

Substrate/ Anode @ lonfzed atom
- 1o be coated in cathode materfal

DC plasma sputtering

Negative
o Glow
Plasma

Cathode dark

Target/Cathode
- contalning raw material that is
sputtered off by the positive
fons impacts

~—|:|:I— WORKING

GAS

]

POWER
SUPPLY

1+

|||—

YACUUM

VACUUM
PUMP

CHAMBER

Fig. 20 Structure of RF—Magnetron Sputtering.
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B. oA A =3 FF

632.8nm2 TS 7FAE He—Ne(ZHE-Ul2) dolAE FHEC] 7t #ol
Aolvk, 2 A, 34, 248 § 7% B AP Lo JME £38] AT dle
2 Ze F¥o]l 0.1mW oA & F& 100mWel o2& tid o] A7tA
thekdt =2o] Stk He—Ne #lolA¢ mja2 Hed Ned ZF 7|AZA Ne 7t
2ol A #lo] A 7h izl

Fig. 21 He—Ne Laser Equipment

He 7}~ Ne 7FAE o371A1717] @A sb7] 93 A2 dol7t +4em
e AT ok & torr(mmHg) ©]3+Y] Hed Ned 91 4 H BE AH
AE shstel WA A4k He 249 FE] Heol 2's o 2%s9

= oA dHE SEA A
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339 ym

By —T-— —= 3y
’ He=-Ne

Ip
. L colltsion . 632.8 nim i
& I g Caliie I Amde

! 2 Helumneon gas esenoir \

T i Fast radiative Umpm g J
I fransifions 4

g Exeitavion s -

= by electron

=3 coliision i LﬂS@F bﬂf’ 3 Wbt’ -\‘ t
i | Diffusion /
| | 1o walls Outo fe
i i Crronncd !: mup[er G!alﬂ‘ EI”WIUW

ks teflctor

Helium Neon

Fig. 22 Fundamental Principle and Basic Schematic of He—Ne Laser

o] % He 97+ Ne a9 FE3t0] Hell U7l Ne o ddd
TE § Hed W2 ouA AElE HojA1 Ne 727} 5s 9 4s AHE S
H=, olER T vh 4pel 3p AHl= FHol olERY Fobd HA W ol
A HE dolA R A= 5s9f 4p AtelolA W whdo]l dojubAl ¥l 4s9}
3p B+ 559 3p AbolelAE W= whdo] AT o] W Fx17]e] Ao wet
A 5s9k 4p Atolell A Al 3.39me] 3 9l 559 3p Aol 632.8nm9]
Ho ub, = 459} 3p AFole) 1.15me] 3 A Aol gy
S ®F 632.8nme 7HAF Gl H wgnke w3l A= #XE ARESHE
A7 wor, # =elAk 632.8nme] 7HAE 99w 39 He—-Ne @

o|AE FAF AIZFE ASHH AR mEAA Ag 9 Ale =853
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o
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1. CdTe =9

RF w2 EE AT EH (Vacuum Science Co.) WHS %3] 300nm T+
550nme] CdTe 9uh& 75x25mm” ®i= 2x2cm” =719 #d (Corning) 2|
71 %] S5k CdTe B LTS Chemical Inc.9] % 99.999%9] 2214
A5 EE ARESISITE RE WEIUER AWEY ¥4 19 2339 2
Vacuum Science Co.(Korea)?] AFHEH AH]E AFEsIATH Ar 7FA 7%
20 scem, 71# XF2 1.0x10°° Torr, 719¥2] A 5.0 cm, RF A¥EH
¢l 35 watt, 394 A 4 7.5x1077 TorrZ w8k Ad&oM 5%
B 2~HHE F8S s 719 259 AFV|E AYsta daw Axst
EALS 1087 ZelAaHE ™S Aaskivh. 242be] CdTe v Alg oA o
1] € (ellipsometry, J. A. Woollam Co., M—2000 V)& A}F&38te] 659 33
S8t 524 % (as—deposited) CdTe ¥H 400CoAl 1A1%F
A eA dAeE APsint. & AF A AR CdTe whehe A3
ol dAg o]de CdTe ¥tdto] nd 545 Ut A= 2 BF
EA4S YeRth o) A3 x1E& & 3¢ Qokste] eIt

flo

Mt 32
i P K
N
m\m

offl
22
=
o}ﬂ
[e2

(o]
oﬁi‘,i—%

Table 1 Process Parameters of CdTe Sputtering.

Substrate 75X 25mm? / 2X2cm® Glass
Pre—sputtering Time 10 minutes

Ar Gas Flow Rate 20 sccm

Sputtering Time 5/ 7 minutes

RF Power 35 watts

Base Pressure 1.0X107° Torr

Vacuum Pressure 7.5x107% Torr

Substrate Temperature | 20C
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Glass

ITo
Cds

In+Ag

CdTe

Back contact

Al U

LOAD

Fig. 23 Structure of CdTe/CdS Heterojunctioned Thin Film Solar Cells
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Fig. 24 Sputtering Equipment
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2. Ag £ Al q+d}

RF w2 EE A EH (Vacuum Science Co.) WH-S %3] 300nm T+
550nme] CdTe uh& 75x25mm” Hi= 2x2cm” =719 #d (Corning) 2l
71 Sl tE 524§ (as—deposited) CdTe B2 400TolA 1A17F &
F XIF AueA dAEE Ayt AgeE Ar 7k §5%F 20 scem, 7] F
2 1.0x107°% Torr, 71#72 A¥E 5.0 cm, RF AHEY 39E= 20 watt,
AA AF ¢¥e 75%x107° Torr® 1Aste] A2o)M 15% AHEY T4
FaEAth Ag vtebe] Fet F7E 10nm o]tk Al Ar 7k §%F 20 scem,
718 2 1.0x107° Torr, 71872 A 5.0 cm, RF 23 HZF 59% 20

A 4 7.5x107° Torr® skl A2elr] 153 A¥E

& Y. Al "ol Wi 57 10nm ©]i2 XRR(X-ray

ol

Table 2 Process Parameters of Ag / Al Sputtering

Substrate 75X 25mm® / 2% 2cm? Glass/CdTe
Pre—sputtering Time 10 minutes

Ar Gas Flow Rate 20 sccm

Sputtering Time 15 seconds

RF Power 35 watts

Base Pressure 1.0x107°% Torr

Vacuum Pressure 7.5x107% Torr

Substrate Temperature | 20C
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Fig. 25 Range Measured by Ellipsometry.
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MASE Technology

Beam bending optics

Beam path with no optics (607

Fig. 26 Photograph and Principle of Ellipsometry Measurement.

_52_



2. CdTe W2t o] 23383 &4
CdTe dfute] m=go] me A% 9 WFgo 54 Wgs dotnr] 9

sto] XRD(X-ray Diffractometer) #41& HAIS3It XRDE 5949 &3t
Edel o& 18959l wAH o, gfolo] o AY® o] 8T
X—=7el sjddsdo]l A= ol A&ste] Byl F-Abol] &3k X—do] A}
7 #HAog wdEol e FyddA ARt Azl 7)91E §

gt g ¥
I B WA (2dsind=nA)& FOox 3 AHZHQ] HAS AFste] el

o2 A =t

2 =xoAe 19 287 Zo] PhilipsAte] X' pert—PRO-MRD XRD %
Bl E o] §3te], X—ray %% Cu Ke = 0.15405 nme|H, 269 ¥+ 100 ~
65° ©]il, Scan Speed® °F 3° /minCZ ¥ o, 7FEALd HAF
30mACE A 3H3ith

T 40kV,

Fig. 27 XRD Equipment.
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3. A EFENT] BAE B CdTe e =3 A= £4

QAo E3FE A 7] (AES, Auger electron spectroscopy)< 4= ® Angstrom

aA712 HAEE AANE A5 xmHe| JAMAA WEEH = Auger WA Ay F]

g 245t AR BWS TAGD db 949 FR 2 G2 PAdgUE 29 B
Aok Aze HHel Y At ARE FAFE Ut AFES ol e

st=dl, o] IAdA FAEE excitation

iil
5
=

R AA7ATIHEA T A S ¢
volume< 27 1~2umeoll @38tA =™ 1 <t = Auger AAE E33sE 23 A
b B X-ray7b HASHA A T3 A 7F 11 Xerayel ¢, 9 oldk 2 3
oA A= E7]9 odUAE #A ¥ W Hroew UE F AT 3000eV
olsto] ol YA E Zte UIF-9 Auger WAE W ES dAe] A= oF 109 4
A5 olete] T wiimol EW Thbol A A stE ANE 27| dUAE K
s A 2W WreE v F A #Hoh viE o]¥gk 5ol AES xW €A

e
(surface selectivity)gl & < At}

Fig. 28 AES (Auger electron spectroscopy) Equipment

_54_



Auger Axke] B4 )= Aoy X-rays ol&, dAe sh-4 A
A2 AWH holeo] A E il o] holed WUt} AR-zhe] 923 [Ax7F W oA
AAA Ek o] HAAA of7] ¥ = binding YA ] zte]E X-rayZ WEH A
U ootid v dAxE wEFo RN slawA wi=t 2KeV |39 binding ol 4
Fo ARzt A LAEE holed Auger AAFe] HFEo] o3k o]}
A A o]t} o]# 3t Auger HAAFo] kinetic oY A= A o] (transition)o] A=
242t e] binding U A Sl o] & T3z}, o] ¢} 2Eo] binding oy Aol & A
AEE Auger A oUAE davitt AFIERE o] E o] &3t A= 4

das w8 & 5 A Ao

AE %

rr

Sweep Data Electron Energy
optical system analvrer
Supply ‘ Accuisition ptical System analyze

— an Elching gun

e with i:l‘li-]F-;P."
= e B h neutralization
Target - Electron Gun A Electron
Ay e amee = Detector
g = Large s :er.-rnan slags :
Shields [Large specimen stadg
Optional lon
Source

Fig.29 Schematic and Structure of AES

AES #A= 4%-%, 5 primary beam© 2 A}g5 = electron gun, sample
oA WEE = ALY oA ~FEYS A3 electron analyzer, sample®]
¥ cleaning©] Y depth profiling= 913t ion gun % sample manipulator2 Y=
o sample TWHe oo Wx W zZAHES & A¥F

=
chamber <ol o]zttt AESS] 7H 2 F4H &
X

Foglid olEe BA

N
1B

o] b AANE A}

¢
iy
X
o
fru
i
4
j
rr
k)
o

. °l= F 9 angstrom
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o7 H<EH electron beams A& X HI YAIAA WEFH+= Auger electron
=]

H
A= AESS]

AUAE ZHFozA EW T4 Ake FF L IS

A Buk olugl o] Whake] XM e Al (spatial selectivity) W&ol TW ¢ 3

A
3t

i

o 71Folet d#H)A = AES, XPS, SIMS oA %= 7HE de] A& 9l
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4. CdTe vtete] 33 &4
CdTe ¥vlere]l F=31 % (optical transmittance) % #&<4% (absorbance)
58 =437 Ysla]  Varian TechtronAt?]  Cary500scan UV —Visible

spectrophotometer FH| & o] &3t FHsItt F74 3o M= CdTe u

1)
o] FE FESF Jold 7B (400~800nm M) dolow waakith
UV—Visible spectrophotometer AH]+= A|89] HALE W B3 xE EHs= &
24 =S4 949 Fgr= JpAg dodold +£0.05nmE e A es A=

Aulel &

=

o
e
o
rfo

= 2 T Aol ARE FYS  tungsten—halogen,
deuterium lamp & AR&sh= Fulojnt olgA & FFAEE o]EF 1
ol AWstd Lambert's lawell #&3sto] FFEE F8tal 7HAF elA 2
B FREE AEslt 29 302 B =EolA AMES UV-Visible

spectrophotometer #H] ARzl o]t},

Fig. 30 UV—Visible Spectrophotometer Equipment.
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5. CdTe W99 A7 54

CdTe uvtuto] 7iglo} o]% % (carrier mobility), Bl A& (resistivity) 2 i
g]o] &% (carrier density)i= Accent Optical TechnologiesAe] HL5500PC
Hall effect SYAIAES o] &3F0] 413130t} Hall effect SYAIARS vhute]
A, 29 AF, Ao sk, Ao FH, dte olvk v SAE F

L oguEd 54 exs geol

32

, 574 W24 Van de Pauw, Hall bar®

% olvh 1% 312 ¥ =Roldi CdTe ®ute] Bw AYghst A3 ol B

o 1k

o

=438k o] A3 Hall effect SHAIAES] Apzlolt),

Fig. 31 Hall Effect Measurement System.

_58_



3

sto] CdTe,

A =

[}

o
il

&

571 sl

[}

B) 1= St e =1
o A

=

dlo]¥ (spraying),

[e]

KX
=
hvA

3|
=
S

AHE Y (sputtering), 553 (close—spaced sublimation), =¥
printing),

Y85 (screen
(electrodeposition)

Alef]

hva

= 74

A

0

b

(=

1.45 eVel H

A3t

&

10} 710 wsl o %] W ske|| 7}

a3l

3

H]

oz

el
K

oy
od

B
e

BiF
2%

CdTe Hj

00

el

—

e

gau
22!

)

!

Do
‘_nn/vo

=19
T
"
N
JX!O
Mo
-

_X_l
No

AO

3 -2

3

WA 7171 €

atek |2 gAkA]A CdTe

h=] = o
ﬁxe]—é‘—é‘

(Ag) 59
= 7)_10151_'[13,1“ :’—‘—'Hl’]' Cu

o

(Cw,

ol
HH

o7
1
s
BiE

o9 of 5ol

ﬂ
np
)
Nk

el

%Y (jon exchange
9} %2 W37l CdTe

}oith. CdTe

S

%@O] %E}'m,m _E_ o‘j:rL

&

T

R

bol o]

°©

3HA7]
<

A17171

[¢]

23
-

A

method)

dlul
-1

of VA= d&F= A

il

il

_59_

7} (Hall effect)

8

=

=

T

R

41

o

<

=
=

o Mus



Hlwskgith, ok @ Alo] AAHEHE4 7] (Auger electron spectroscopy, AES)
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JUEE AWE Y (Vacuum Science Co.) ©& CdTe vrE-e St AT E
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Fig. 33 Average Absorbance as Temperature at 0.01% and

0.3% (300—800nm)
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Fig. 34 Sheet Resistance as Temperature at 0.01% and 0.3%
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Fig. 35 Carrier Concentration as Temperature at 0.01% and 0.3%
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Fig. 37 Optical Transmittance of the CdTe Thin Films As—annealed
and Doped with Ag by He—Ne Laser Exposure as a Function of the

Exposure Time over a Wider Wavelength Range
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Fig. 38 Optical Transmittance of the CdTe Thin Films in the Range of
400 - 800 nm As—annealed and Doped with Ag by He—Ne Laser

Exposure as a Function of the Exposure Time
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Fig. 39 Absorption Coefficient of the CdTe Thin Films As—annealed

and Doped with Ag by He—Ne Laser Exposure as a Function of the

Exposure Time

_80_



3.2
30
28|
26|
24
22 /
20
1.8 o

Non- 5 10 15
Doping Exposure Time [minute]

Absorbance

Fig. 40 Average Absorbance of the CdTe Thin Films As—annealed and
Doped with Ag by He—Ne Laser Exposure as a Function of the

Exposure Time in the Range of 400 - 800 nm
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Fig. 41 Carrier Concentration of the CdTe Thin Films As—annealed
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Fig. 42 Resistivity of the CdTe Thin Films As—annealed and Doped
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Fig. 45 (a) AES Depth Profile Analysis of Al—doped CdTe Thin Films

with Different He—Ne Laser Exposure Times of 1 minute
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Fig. 46 Optical Transmittance of the CdTe Thin Films in the Range of
400 - 800 nm As—annealed and Doped with Al by He—Ne Laser

Exposure as a Function of the Exposure Time
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Fig. 47 Optical Transmittance of the CdTe Thin Films over a
Wider Wavelength Range As—annealed and Doped with Al by He—Ne

Laser Exposure as a Function of the Exposure Time
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Fig. 48 Absorption Coefficient of the CdTe Thin Tilms
As—annealed and Doped with Al by He—Ne Laser Exposure as a

Function of the Exposure Time
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