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ABSTRACT

Cd, . Zn, S thin films doped with indium have been prepared on glass substrates by chemical bath
deposition (CBD). As-deposited films are thermally annealed in a controlled N, atmosphere with
anncaling tcmperature in the range 100-500 °C for 30 min. X-ray diffraction studies suggest that
the all as-deposited of the both Cd, Zn, ,S:In and CdS:In thin films are belong to zincblende
structure. The crystal structure of the annealed Cd, ;Zn, ,S:In films was changed from zincblende
(0 wurtzite structure when annealing temperature beyond 400 °C. However, any change of a
crystal structure of CdS:In films was not observed in this annealing temperature range. From the
SEM micrographs, the grain size of Cd, Zn, ,S:In and CdS:In thin films decreascs when the
indium content increases. Energy gap value of the both Cd, Zn, ,S:In and CdS:In thin films were
evaluated from the optical transmission measurements. Energy gap value of the both
Cd, Zn, ,S:In and CdS:In increases when the indium content increases. The appearance of the
minimum sheet resistance around 5.13 x 10° (/square was observed in the Cd, Zn, S:In films
annealed at 200 "C. The activation energy, evaluated from the electrical resistance as a function of
temperature ranging from 25 to 150 °C, arc attributed to barrier height of gram boundary, trap

slates at intergrain boundary and/or stoichiometric defects in the films.
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@t (] ] < v A1
Tumisfasinnudumunsiu R ) voaruduLne Cd, Zn, S wiiu1dngmm R,
finfesdie $r9guugiueuiiavesnriu 200-300 °C naziledimsniouaandl AR, 8¢
alasunilagll Tageziimanawde: hindsunlasnamifeuiugisguugiidus daua R,
3 a @ ¥ 4 a A g ° '
vaaRduuUiite (5%In) szduituldFanuinidegungiueutiamudwmiy 300'C A1
) ' A @ A A A YR i 2 '
anudumunrusziianieonga Tasiilsnisuaands a1 R, swilasuuilaann swana
fuftemngd 100, 400, 500 °C uazd i ldTinsueuiia Aerilononaanda a1 R, sznldou’hl
] o ' e 'S 4 =
doudnties s mawd Wdu cd, zn, S nazWan Cd, Zn, S:(5%In) Ngungineuiia

300 °C azliaMMmnaANga

H ' ] o 4 2
A15199 4.12 HEAIAIANIAUMUNAUYBIRANDIE CdS 1oy CdS:(5%In) MiATenTasdTns
prwmsazmonl e lifinsueutiouazueuiiafiguugi 100-500 °C n1gld
a & a Ay A
ussemdluTasmuuSandidlunat 30 ud Tunsdl hineoaanzlinanguas

91nvasa IMa Talnuwyiia ELH

Annealing R ((Vsquare)

Temperature CdS CdS:(5%In)
o Dark INuminated Dark INuminated

As-deposited 1.92x10° 1.39x10° 1.97x10° 1.25x10°
100 2.2 x10° 1.57x10° 1.93x10° 1.79 x10°
200 2.06x10° 1.01x10° 2.05x10° 8.73x10"
300 1.8x10° 8.54x10" 1.88x10° 5.26x10"
400 2x10° 1.98x10° 2.13x10° 1.9 x10°
500 2.2x10° 2.05x10° 2.x10° 1.82x10°
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A5 19714.13 HAAIAIAINA UM IUIAUYBITANTN CdS:(10%In) 1Az CdS:(15%In) AT oY
Tagisasowmsazmaail is hitimsueuilanazneutianamn il 100-500 °C

Ll Qd ’
meldussomaluTaseuuSansiunat 30 i Tunsdl luineuasuaziinig
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Annealing R (CY/square)

Temperature CdS:(10% In) CdS:(15% In)
(0 Dark Muminated Dark IMuminated

As-deposited 2.07x10° 1.66x10° 1.98x10° 1.94x16°
100 1.96 x10° 1.85x10° 1.98x10° 1.82x10°
200 1.56x10° 1.6x10° 1.99x10° 1.58x10°
300 1.97x10° 1.1x10° 2x10° 1.41x10°
400 1.96 x10° 1.94x10° 2x10° 1.48x10°
500 1.97x10° 1.95x10° 1.97x10° 1.91x10°
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Tag R A9 awdumu o gungiilas
R, fiD AMAIUNIU N guniifes
E, fig AMAMIUNIZAY
P ' P o o -23
k 9 sneNved TuasmuIull (Boltzmann constant = 1.38x10 ~ J/K)
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9/ 434 a = =
meldussomana TuTaneuuSaniidunar 30 wii

0.2 - E,, = 9 meV
e 0
& 021
€ 941
£ E.2= 224 meV

0.6

0.8 4

1000/T (K™)
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0.5 1 Ea1 =7 meV

0
S 054
2 |
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15 4 a2
.2 o
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0.2 E.1 =5 meV
0
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2 04
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1
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E,2 = 308 meV
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Ea.2 = 241 meV
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0.05 -

—

-0.15 4
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0.35
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E.s = 5.6 meV

2.5 3.5

E.2 = 107 meV

1000/T (K™)
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a4 aa o A a a A
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E,2 = 137 meV
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E., = 6.9 meV
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3 v @ o
A NA 414 HAAIAINATNUNTEAUVEINSIU Cd, Zn, S 1AE Cd, Zn, S:(5%In)
WsmnadaimssnTaegdtmseruamsazaranall e lilinsueuiionas

v QJ
ueuilaNgauvgii 100-500 °c meldussermalulasounigniidunm

30w
Annealing Aeung Cd,Zn, S :In

Temperature Cd,Zn, S Cd, (Zn, S:(5%)In
o) E,(meV) E_(meV) E,(meV) E_(meV)

As-deposited 12 334 7 409
100 14 151 8 319
200 8 202 1.3 350
300 16 227 3 547
400 12 214 5 544
500 9 224 3 399

A3 4.15 HaAIAINASNUNTEAUYB ITAN CS 1Az CdS:(5%In) USinuag i
L ady =) A' et <% ] 4'
wisuTasdimserumsazarainil ie hiimsueuiianazueuiiaf

a o a = ]
gl 100-500 °C MeldussomatulasnounSaniidunai 30 i

Annealing Aeawe Cds

Temperature CdS CdS:(5%)In
0 E_(meV) E ,(meV) E_(meV) E_(meV)

As-deposited 35 205 2.2 146
100 16 250 4.7 85.4
200 6.4 308 5.6 107
300 4.1 318 1.3 171
400 3.9 241 0.9 137
500 17 223 6.9 192




[l 9 9 '
Amdsnunszquinia ldnsdesniiioniaenszaundeu Negususesde
] . . as [} é a Aag 3 Y]
521319105U (intergrain boundary) TAaiiaeszAUNAINUFUNANDANATOUTUYNIL
Y] 94' A'A A a J [ » -~ a A Aa =S 9
w1 iflamfounmusnaseads aina1l 158 81wznannmIsdsalsdwasidn
a Y a o o ¥a ¥ o o A ) @ ) a o ]
Mmidifaszaundenudld duiwiiensinszdudlgndsnuanuieudainlv
ad ad a 9 =) a o 9 1A
diinaseuaunsavgassniludidnaseudass 1dmileway nazdi ldlSmnine
A 3 [ s a o 1 A 'd []
WuvudinaldanudrunuaaaiaeandasnuNa I uITENAIUNITANURINOUNS

1d

Intergrain boundary

a
>

1 s o as i a v o
5114.93 mnuansszaundsusndnusnusesdsveunsulu Adung

& v o ad { o
cds-znS Fuilufuandidinaseu Tavh @ Asawgavesimmg

o o A
fNBNAL x ABTTHENIY

7 STAUNRSY

AN

1 \ <+ E,=40 meV
(O <« Donor level (Eq)

___ =1adindium

<«— Eg~2.7 eV

317 4.94 naasszAUNTIUVBIBzABNAI (E)

103



~
UNNS

k4
aytuazveiaueuu:
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3 dw o A g o
VBYANITIAYVVUYDITIMINYYB CdZnS

JCPDS(The Joint Committee on Powder Diffraction Standards)

’Pa-ﬁm: 491302

109

#8910 Idgudeyauiasgiu

mmmuwmnmhm«m
shmosphore at 2 minimur temporaiure of 400 C.

GENERAL COMMENTS : 27.7 mole % ZnS.

GENERAL COMMENTS : The introduction of Zn'S into CdS forms @ sold
sohulion with concomiiant varisions of ltiice constanis that cbay the folloning
wmpisical relationship: 4. 131-0.00134 P; s=0.003, ¢=6.713-0.00450 P;
50,004, where Prmols % ZnS, s=standerd devieSion.

X Radietion = 1.540508 Quallty : High
|
}(%Znu)s > t| B K [}
f usel o 1 o o0
| 20527 48 (] 0. 2
;cn-mmm - Z0.204] 100 1 0 1
i WeW 7 1 o 2
£738; 45 1 17 0
4810 »® 1 4] 3
s0e28! 68 2 o O
51.873] N 1 1 2
Lattice : Hecagonal Mol weight= 135.08 2854 W 2 0 1
semel 3 0 0 4
80.: PE3mc (106) Vohewe [CDf = 98.58 58.300 3 2 (/] 2
- 60.081 2 1 0 4
a= 413750 : D= 4508 8% 10 2 Q 3
: ®onRs| 4 20 1 0
: 7082 7] 2] 1 1
: 72442 4 1 1 4
¢= 6.71580 ; 75529 8 1 g 5
Z= 2
;
|
SAMPLE PREPARATION : C4CR2, ZnCi2 and thinures were mbad in an |
alkaling solution, which was healsd $0 85 C and stived for 30 minutes. The !
prociphate was filered, drisd, ground and hesled at 300 C for 2 hours under :
ndirogen, then 800 C for 2 hours under nilsogen. !
UNIT CELL DATA : Reference roparts: =4, 14, c=6.718. :
GENERAL COMMENTS : Cell psrasmuiors generaiad by loast squeres
reficment.
. | Patiem : 40-5% Radleion = 1.540558 Quallty : Nok indessd :
Cdy 222077 S40 w» i s Kk
25502 51 1 0 )]
2708t 100 0 D 2
Cadmium Zinc Sulfide 878 «Q 1 0 1
37442 L) 1 0 2
M5 6 1 1 )]
48002, 10 1 0 3
52230 2 2 [} )]
55 608 4 0 0 4
Latsice © Heoagonal Mol weight = 131443 120554 2 3 1 3
142,905 2 3 0 6
| 8G.: P8Imc (186) Vohawe JCD} = 83.21
a= 404200 Dx= 4683
¢= §.58500
Z= 0
COLOR : Yallow
CONMENTS : Pigment.
SAMPLE PREPARATION : Momd sulfide of desired composition wes
wwmamm« Od(NOS)z containing zinc ions
with salution of BaS contsining wicess sulfur. The precipitete was fileved,
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Radiation = 1.540598 Quality : Not indexed
Cdg s ZNy gs S1p a F h| K|
25208 89 1 0 0
26914 90 0 0 2
Cadmium Zinc Sulfide 28.587| 100 1 Q 1
37281 18 1 0 2
4.370] T 1 1 0
486247 36 1 0 3
51.047; 10 2 [} 0
55.404 30 0 4 ;
Lattice : Hecagonal Mol. weight= 1362.99 118.784 3 3 1 3 i
we514f 3. 3 o 8
$.6.: P8imc (188) Volume [CDJ = 9494 147.575 2, 3 2 1 i
- 156.350 3 3 1 5 ‘
a= 406900 Ox= 4733 :
c= 662100 ‘
Z= 0
COLOR : Yallow
GENERAL COMMENTS : Pigment.
SAMPLE PREPARATION : Minad sulfide of desined composition was
precipitated by reaction of water solution of Cd (N 03 )2 containing zinc ions
with solution of BaS containing excess sulfur. The pracipitale was fillerad,
dried aivd ground and subsequently calcined in an inedt or reducing
atmosphere at @ minimum of 400 C.
GENERAL COMMENTS : 19.5 mole % ZnS.
GENERAL COMMENTS : The introduction of ZnS imlo CdS forms a solid
solution with concomitant variations of laitice constants that obay the following
empirical relationship: 8=4.131-0.001314 P; 5=0.003, c=6.173-0.00458 P;
3=0.004, where P=mole % ZnS, s=standard deviation. |
Pottern ; 24-1137 Radistion = 1.540598 Quality : Deleted
Zny, Cdy, S zi M p Kk i
28466 100 h 1 1 \
32952| 18 2 [ 0 ! ‘
i Sphalerite, cadmian, syn / Zinc Cadmium Sulfide 47280, 50 2 2. 0 : ; :
! 56103 30f 3 1 1 i :
H 58.806 2 2 2: 2 : !
: 69.115 S 4 0 ] i
i 78372 10 3 3 1 .
, - : 786%0| 2{ 4 2 0 i
! Latdce : Face-canterad cubic . Mol. weight= 102.14 §7.988; 10 4. 2. 2 :
1 : 4855 6 5 1.
§.G.: F43m (216) ! Viohume [COJ = 160.46 100.559 3 4 4. 0
ey 113.900 5 5 3 1

am 543400 | nxw 4.228

ﬂ
b4 4 ’M- 8.40
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Wurizhe, cadmian, syn / Zinc Cadmium Sulfide

Lattice : Hexagonal Mol weight = 102.14
S6.: PEImc {108) Volwme [COJ= 8033
La= 384190 Dx= 4223
e 828700
\ z= 12 Vcor= 290
i

COMMENTS - (002) may bs obsarvad as the sirongest reflaction

GENERAL
due 1o preferred orlentation.

>

AN WONGON 2 aNINN AN ON ARt ad DS

aaao-‘o_-‘q_.:—aaoaoo—oo—ocoo »

OB UONNSLDRAIANAANCOWON-ANO

} Pattern : 5566 Radfation = 1.540508 Quality ; Indesed ’
1
[;s 2 ) B K
8 100, 1 1] 1
33090 w 2 ¢ O
Sphalerits, syn / Zinc Sulfide blends zinc biende 475161 51| 2 2! 0
56200 0 3 1 1
91370 2{ 2 2| 2
69524 6 4 0f 0
i %809 9 3 3]
9157 2| 4 2| o
Lattice : Face-conlered Cubic Mot welght = 9744 BB5s2 8| 4 2| 2
o5541. S5{ 5. 1] 1
S.G.: F43m (216) | Volume [CDJ = 157.99 107415: 3] 4, 4} 0
— et 114908° 5| 5 3| 1
a= 540600 . " Dxw 4,097 128618/ 3| B8] 2| 0O !
138255 2| S{ 3 3 ;
Dm= 3900 i
| Zw 4 Mcor= 3.90
|
SAMPLE PREPARATION : Prepared at 940 C by RCA Laboralory. i
| ANALYSIS : Spectroacopic analysis: <0.1% Cu;, <0.01% 8, Fe, Mg, S !
<0.001% Al, Ca. i
TEMP. OF DATA COLLECTION : Patiern taken o 26 C.
GENERAL COMMENTS : Sew 24-1137 for cadmium substhution. ‘
GENERAL COMMENTS : Opaque mineral optical daia on apacimen from
Snailsbeach, Minsterly, Shropshire, : RR2Re=18.7, Diap.=16,
VHN100=248-227, Color valuos 3013, .309, 16.6, Ref.: IMA Consmission on
Ore Microacopy QDF.
GENERAL COMMENTS : Measured density and color from Dana's Systam of
i , T Ed., 214,
COULOR : Whits, yallow white
Pattern : 24-1138 Rudiztion = 1.540558 Quaity - Deleted
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$.6.: PBIMC  (1B0)

a= 382096

| = 6.25730

Mol weight= 8744
Volume FCD] = 79.12

Dx= 409

D= 4080

ANALYSIS
<0,001 each Al and Ca.
palytypic forms (1.2)

COLOR : Colorleas

Pattern : 751534

SAMPLE SOURCE OR LOCALITY : Prepared by RCA Labs.

Previous specirographic snalysis st NES, Gaithersburg, MD,
USA, showed (wt.%): C.01 t0 0.1 Cy; 0.001 10 0.01 each B, Fe, Mg. Si and
POLYMORPHISM : A cubic form, sphalerite, also exists. ZnS exisis in many
_TEII= OFDATAcou.EC‘nON The mean temperature of dets collection
ADDlTlONN.PAﬂ'ERN To repisce 5492 (3) and 10-434 (4).

GENERAL COMMENTS : Other patterrss are clled in (3).

OPTICAL DATA : 8=2.365, Q=2.378, Sign=+
GENERAL COMMENTS : Optical data on synthetic material.

2t Eoon
28915| 100, 1
28501 84! O
oS58 &7 1
39611 2B 1
47582, 81 1
51777, 54 1
555017 110 2
56.383| 47 1
5756811 12 2
58008 2 0
83.5% ] 2
66.003| 1 1
72832, 15 2
76.038 8 2
7782 9 2
79.054 A |
82209! 11; 1
83087, 6 2
sese3; 9 3
79 15 2
95236 3 ]
95543: 10 3
101013 7, 2
101.507. 2; 1
107485 S 2
114.139 2 3
114.601 5 1
114960 6 2
118082- 2{ 3
117413, 1 3
1210890 B8] 2
122001 3 3

Rudiation = 1.540596

PO N4 NDOAO=SReEOLa2aw0D0Ra-400-40000

-

N~ RNOOOAONOWONARACOWANIANOWINSAND

B
»

| Wurtzite / Zinc Sulfide

T
| Mol weight= 87.44

Vohswe [CDI= 7791
Dx= 4154
Dm = 4.050

Woors 340

ICSD COLLECTION GODE : 031061
REMARKS FROM ICSD : PICT.

| TEST FROM ICSD : Caic. donsity unusual but tolerable.

¢ TEST FROM ICSD : No R value given.
| TEST FROM ICSD : At leant one TF missing.
: SAMPLE

SOURCE OR LOCALITY : Specimen from Pribram.
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Cadmium

General | Comments | Authors | Addisonal | Sublites |

Cell Parameters

Latt: Hexagonal
56 PE3/mme (194)
a 2.960] apha:
beta:
c 5.6058 } gamma:
A Z 2
[
' —
zZn
Zinc

Ciystal D ata

Molecular weight :

Volume [CD]:
Dx:
Dm:

i/lcor:

General ] Comments | Authors | Additional | Subfiles |

Cell Parameters

Latt.: Hexagonal
SG.: PE3/mme (134}
a 2.670{ alpha:

b: beta:

c 4.966 | gamma:

A Z: 2
C:

Ciystad Data

Molecular weight -

Yolume [CDY:
Dx:
Dm:

Hlcorn

1241
4254
8777

8740

65.38
A0.66
7.082

7.040

113

: 1.5406
2th \ ] | l h I k [ | LComments
32.054 3 0 1} 2
34.862 17 1 0 0
»eWw 100 1 0 1 Stongest ne.
48.104 20 1 0 2
61.345 17 1 o0 3
62728 13 1 1 ]
66.763 2 o o 4
72033 17 1 1 2
76.084 10 2 0 1
78.306 2 1 0 4
86907 3
33221 3 2 0 3
98.0685 3 1 1 4
95.401 3
108.357 7 2 0 4
115662 2 2 1 2
127196 5 2 1 3
132990 2 2 0 5
133699 2 3 0 2
2 A @ 7
3 3 0 4
2 2 4 2
2 3 1 0
| : 1.5406
dA) 't T h Pk [t ] Comments
| 247000 30 a0 2
229000 10 1 0 0
208000 100 1 0 1 Strongest fine.
1.68000 20 1 g 2
1.34000 100 1 1 0 Stongest ine.
133000 100 Stongest ne.
1.24000 5 o0 0 14
1.17000 70 1 1 2
1.15000 5 2 0 0
1.12000 40 2 0 1
1.03000 5 1 0 4
1.04000 10 2 0 2
0.95000 30 2 0 3
0.31000 20 1 1 4
0.85000 30 2 1 1
0.83000 10 0 0 6
077000 20 3 0 0
0.7600 10 3 0 1
0.74000 20 3 0o 2
0.72000 5 2 1 4
0.70000 5 3 0 3



Sulfur

General | Comments | Authors | Additional | Subies |

Celt Parameters Crystal Data
Latt.: Rhombohedral 400 4o weight :
SG.: R-3 [148) Volume [CO]-
a 10.817 | alpha:
Oun:
b: beta:
Dm:
c 4.272| gamma:
A Z 18
- 1Acor:

3206
43289
2214

114

[:1.5408

T'n Tk Ty ] Commens

2h M)
T 164

22842
28.587
33027
40.739
43473
44633
46.662
47 411
43.961
53245
55.770
56.328
59221
£1.255
61936
69.465
n.2m
73.000
74.336
75.445
76.228
76.356
81.007
82.524
85.668
87.983
33106
96.562
97 443
37 line(s).
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