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Research Title: Fabrication of CuO Thin Films by Reactive DC Sputtering Method for CdS/Cu0

Heterojunction Solar Cell

Researcher: Mr. Thitinai Gacwdang, Mrs. Ngamnit Wongcharoen, Mrs. Tiparatana Wongcharoen

and Mr. Chaisingh Poo-Rakkiat
Faculty: Science Department: Physics
ABSTRACT

In this research work, p-n heterojunction based on CdS and CuO thin films were fabricated using
thermal evaporation and reactive DC magnetron sputtering methods, respectively. The obtained device
exhibits a good rectifying behavior of the diode from the dark I-V characteristics. From the data of [-V
measurements at low temperature range of 100-300 K., the junction barrier height, ideality factor and
series resistance values can be evaluated by using thermionic emission theory and Cheung’s method.
Impedance spectroscopy of the device was investigated at temperature of 25-60 °C. The real and
imaginary parts of the complex impedance are changed with the temperature and frequency. The
obtained device exhibits a short-circuit of 2.3x10” A, open-circuit voltage of (.32 V and power
conversion efficiency of 4.22 %. The experimental results suggest that the device could be used

possibly a good candidate for photovoltaic devices with low thermat budget and low product cost.

Keywords : CdS and CuO thin films, reactive DC magnetron sputtering, CdS/CuQ heterojunction
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2.4 msfinnlnssarwdnBammedundeganssmiddnnseunndesnna §arle, 2550;

WIAd, 2543; Schroder,1990; §A1Ty, 2551: Niiag, 2552)

Tudl w.et. 2478 umn uoad (Max Knol)) Idfadundnnisuaziinmslunsdszavgndos
yamssmiBiinaseunuudesnsiaiu uazdent uuumsa U oAU (Manfred Von Ardenne)
I8szdvgndesyanssmiBidnasounnudesnsiansowsndideluil we 2481 Taoinseaiiof
Usgdug Idfuded idsmeliganmin deuldl we. 2408 s13i0d Saden u8nad (Chares
William Oatley) tazfinaunnauiiad dadundesganssmiBidnaseunuudensiaiiiinay
azBuAgada 250 Seansou

nsiinuvesndestanssmidiinaseunvudesnsia denraslugd 2.12 Guen
undsruiadifinasoudsiimihiindasidnaseusinldnase njudidnaseuilidezgnissdae
auwIlih wiemtaissundusiinaseniidnuasiium Tasdisidnnseusznsa luuiuin
vosdant i lngvananatmuimanuuszuuend -1 dievih IfRasiAnas ounAuni uazezgn
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2.5 msaerhunes @wilad, 2531; §iTy, 2546; 9ilng, 2545; Farly, 2549; §drin, 2550; T

, 2552)

ar

1 ¥ 1 &/ o=y Q" r r
IRy s IamnasunsazReunesmsdeinunasisenanfedudseaninisdeny

'3 as o ] t A Y o
uersnazosflsznouveIms Iamdnafunisasinuuas Wenaudume ldnsznufdunieuas

1 9t w  ela o 1 = gl ] o
VNI ALNOUNTURHIWOIRANLIY vsduvesuasz@umadt ld luusudauuazgn

gANBuUAIgIN 2.13

!
lo 'y loe'ax ;
B GRS
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:
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rc': 1TuznN

MAA 2,13 A TSR UTDIAIANN TS NUAILULHUNAUDIS

de 1, flo Anuuasannsg oy
I, fie avmduumazteunndying
I, fe anuduuasdwiiesauinafiauug
L Ao anwdunesidumashguanidune
R Ao dulseAnimsasyiounas (reflectivity)
T Ao FulsvRvinisderuuas (ransmitiance)
o #o ﬁ’uﬂ‘izﬁﬂéﬂ'ﬁﬂﬂﬂﬁuuﬁﬁ (absorption coefficient)
d fe szozmefiuaafumaluiuiduna

o = 4{ Y S oA
fﬁJ‘l]‘izﬁﬂ‘ﬁﬂ'ﬁﬁ:ﬁ‘i’lﬂuﬂiﬂﬁllﬂﬁnﬂ’lm‘lﬂ‘U

)
IO
%3e I =RI,

4 @& o a g 1 ' (4 o r
[NTISRASUU ﬂ'J'l]JL‘WJ!.Lﬂ'Q‘I’ILﬂUﬂ’lﬂl"ll']quﬁuﬂm]ﬂ'Nllﬂ'!

(2.5)

(2.6)
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I,=I;1 =I, RI = (1-R) Q.7

) Ed
ionaatiiRumadguiuiduuiazgnganiuvi idnnudunasnslugsiuAduusanauuy
o =t ar g; 9 c{ 1 1] o =S 1 o
wnd Trinu@eamuszeeni dulusnudunasiderhuiduueiag

UG

[ =Le™ =(1-R)I,e™ 2.8)

- gt o o

] H =y J T r T 1 (-7
i lufimsasouumsiimdundsdudseansmsderiueauasezda v

. (1-R)e™ (2.9)
Io

L] U or . ar L] ‘{
AN INUUNA I TaRN TN Indu s AnTnsganfulas (0) ves
é s o s ar of J oF - Q" LA 1} : o 4
astsininzduiuidumdulssinimsdeiuuas (T) 91317 2.14 uamanmsiasadonaian
AsznunnAILdevesiiduing @) anuduasneluRduusesaaasuutend Tnuudve uagd

v o o g v o 1
Arduiszantmsadeinuasaon? 1y ®) dantesuines1d
T=e¢ ™ (2.10)

o 2 1
AUY a=——InT @.11)
d
Andan Aunsdnnamidulse@ninsgenduumsnindudszdntnsdainmasdas lifase
Y w P o o o & A | Y
nsaznouvesnasdmiunsfimss nondulssininisganiuues esnnamsdreaniug

. Qr  qi U ar o £ @ 1 U
winuvesdinaseunaasilunsmnoudniuisenadinlseAnimsganduunetunigesin
or X o [ y ] o v o N
uouwdInY aidnuazitlums luawesihvuouwdsnuusaruidutalszanald Tasms
° as a o P 4 4 ' 1
fadulssdnimganauuds  Fevzgnganduisudsiinanssnuuuuduildyuisiia
s r ' o/ 1 . 1 Qo =, A(
wasu laeuganwououndisufesiwiveuysensganiumdulsz@nimsganiuse

fiaudh
(ahv)2 = A(hv - Eg) (2.12)
e A fie mash LAz AUMIR 2.12) I9fumsiitlamusnienuuuunss
(ahv)% = B(av - Eg) @.13)

fife B fis A1neT uazaumsf (2.13) 195umsitao e ndinuuundeo
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2.6 508ABN-1BY Vod13NIAIN (p-n junction) ( §MTy, 2545; §Aly, 2552; §de, 2557;

Muller and Kamins, 1986; Singh, 1994; Schroder, 1990)

seoneR-0u Aeusnufriamsi i wesasalfsunnsiafiiusiadunion ey

nngfiadudusiion TasfiTaseadrvvewdnhifimsufountaudediela seadedt-sy flu

¥
=

o o o A a o 2 o . - ey - - T T
'nﬁlfnﬂﬂluiﬂﬂiuﬁ\lﬂﬁgﬂﬂgﬁ'ﬁﬂﬂﬁquulﬂﬂnﬂ‘]ﬂlﬂ Elagﬂmﬂﬂﬂﬂﬂaqliﬂﬂﬂaw-lau AINTIUIE

o

a & oA At = d A ar o Ao od
ufunszuIUmMINaadaliannonatsuuy AImstisAvgsedeiid g Tudegriudideiife

-
¢

2he

Fomsunsdu TE0RUNNG (epitaxy) F3Melo00U (ion implantation) UAZULUNBOUHLY (alloying)
| 3/
Wuau

2.6.1 seudaluannzangadnindoy

A - c.l'.

uuvsrassvessssaefi-du luFegaunrazFufivisafsesdouunTa Ty (homo

. . & ¥ & w o oo &2 @ o = od o @ | W = I | 4
junction) “B\i?lﬂﬁ']'iﬂ\‘lﬂ?u'l‘ﬁuﬂwuﬁzfnﬁfNﬂ'Ju'l‘lfuﬂiﬂulﬂu'}ﬁﬂ‘ﬁuﬂlﬂﬂ'?ﬂu PUAFOIIN

ar

s . e = - A 1a X e o od =
uouwaseuhiy TasFusindianaseunegiauninluaisnednhaiiaduezuns dulald

f
afeinhuiiaf Salddnnsouediosn 'luﬁmmt%’mf'fuTanﬁﬁagaﬂuﬁimumﬂ‘lum‘iﬂéq
dnhwiafezuniSulued b sl lsnsgeornn msuniduvesmemarioziiiideas
vianiilunaeme IWfniufomeasfwimhsindus qudeddnnsoudassly vilduine
asfedniwiaduiilndiosde uanssnne fufluuanmiesniyszquanvedlosouves
oznoudignfie 13 dwsimumsisinheilaf s idovasadiondy dofiloseuvetnzasy

1 ar

ar -& = H ] : =, é
dsuFeililszgiiuauiangeg SwaldfaauIviiiiseods Tasftauu Itfhiifanmeesi

a9

ar o d.u:: v

dnhsiiadulynemstdahsied sufunisunsduves laauazsidnaseurzanailosnn
Svinavesmn Wi idumaumidy vinaseedeisulaeanowmedaszinsSonuinain
WAUasANINE (depletion  region) visuntaenn 1313011i529879 (space charge region)
fesnniidszquesloosumsiSeegduiiutseqfignateediud (fixed chargo) Wilsuiszgasy
dnuaismsuniSuvesdilinasounns Tsafisesdonisuans 8 Taoumun manyaicveq
Tﬂswé’mmuwﬁ'wuﬁ'egﬂﬁ 2.14 Tﬂﬂﬁgﬂ 2.14 (0) uarsdneazyed Inssad s undsuves
ffﬁﬁqﬁ'amf?qﬁaq%ﬁﬂﬁﬁ'ﬂﬁ"lﬁ'ﬁuﬁ'ﬁﬁuzﬂuseﬂﬁafa’?ﬁﬁuﬁ jUfi2.14 () udAsinuozYeY
Tﬂsaﬁ%’mmuwﬁ’mumaamsﬁqﬁamf’?@ﬁawﬁﬂﬁgﬂﬁm1ﬁ1ﬁ‘Juiaﬂ¢iaﬁﬁﬁﬁ’uf Feozfinnsuns
vasdidnnsouuazTea sunsziudrdanizaugadeniudou  dwaaslugif 2.14 (n) Tashi ¢

Ao dnd W1 uax g foauu ifhfisoune
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{ &£ a o 5 o, o o 1t e ar ¥
A, yuehastednimiassstiagninniuiusesaeiiniufuazegiy

anmzaugannuion

2.6.2 seusiouuuTUITIIA (step junction)

1 L oo =4 3 = i o 1
segnouuuTuti latlusesdoluGegaund AfsuiSnasnududusesasie

A
2w . a o &2 W e & oAl g P 1 T e & =2
‘luﬁ'ﬁﬂﬁﬁﬂ'll'ﬁfuﬂlﬂuuﬁgﬂ‘Nﬁ']‘iﬂﬂﬁ?lﬂ'l‘ﬁﬂﬂﬂﬂWﬁﬂﬂ“lﬂﬁﬂ (llﬂﬂ1vlul'i’|']ﬂu) TUNTTNNA

o

& 1 \J é o a ar é Qr L] {
@oureszninasidnhylinBudumsieiniwiief duanslugdf 2.15
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N,-N, np
n-type
x Xy
p-type %o
(n) D)
P
Xp [4) Xe
“Xs .
%,
(™ (2
$
Xy / : _1 X
. E %

(¥

Qs

i = &=t 1 o 1 5 o P a  ar
;A 2.15 e loavosmsednitnisesdouuun-ou AdluuudiulefidlufeadFutszeznig

£

A anududugisie
U, ANUNU BB IHED AT
A, Yszging

o o IS oasoede

9. And IS s ose

r L3 { ) é
Usey Ivifheeiian lidlugudmmzivSoamadasanme ssmaunviihmeanshs

o

nhaiiaduld lnglfrunisveatires (Poisson's equation) Wufle

2 2
d°Q_—d"E_—aNg
> dx =N

qu

€g

udn §(x) =

(xp ~x)0<x<xp

(2.14)

(2.15)
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2 o o - =4 A 1 - . wr ) ar
aun Ifhvesmsfednhsiiaduilimseanuedivey uansifis i nededouas duwussy
3 [ ¥ ]
ssogmauuuFudunasfugaiissoznt x, dduauniwfhezdumsunsFuvedidansoutiay
w o e

r o o A ‘é s L ) s
unsFu e ldde Tuhusafeduanin Wi meduasnernhsiefise fanuduwutiu

a y wd
SEOSMMUVITAUTUATH

—qNa

E(x) = (X—Xp);—xp <x<0 (2.16)

&g
é é o [} ] <y 1 ar 1
gagu i I Hnedmasfednihsiafsesinad1unisuns Suvos lsadramitousuiiszoe

x =0 o IHezdpnaiiios dudle
{2.17)

FusaasanunfisvesualneanimsfimediuashednhsiafiuasmeduesAataheia
Buszudsandusuanududuvesasie nanfedidmlafinnmmunnivvessyasuvesasie
g atlaoanmzastushludemsduniutos lunismssfudin drdmlafinnududfuves
msi¥edn vatasanmzd i Ingjesaned o msvesdnofu undrldanududuasaiaie
yosozaoud b massinhaiaduiiswinninmududuresmsiovetesaendiy
e uasiEahriafinng ﬁﬁﬁaﬁ’aﬁwﬁmﬁuﬁqm%aeiwﬁﬁ'ﬂ (heavily doped n-type) 9260
1831 wmlasanmziseuaed iegluiemsfsdatheiinfl uazesfonsosdowiintih sevde
uwﬁ'm]’u‘lﬂé’m;ﬁm {one-sided step junction)
dndlndhiisesdenisdanstinheiiaduaunsont1d lasnsduiinse aumst

(2.15) (ReUny x U

9Ny 2
() =d, —2—(xn =X)7;0<x <xq (2.18)
S5
o kT [N
Taufl ¢p =—tn] —4 : (2.19)
q n;

a v oa P r & v e =
Tusihuea@eny dnd Wi wisesdeneduaisisdniwiiad fe
qN, 2
O(X) = +—= (X +Xp) 1~ X< X <0 2.20)
bp e RN R (

—_ en[N—aJ @21

q nj

~h.
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é Q ~y o ¥ I
¢, flo I ludovesmsiadmnisiiafusnmlnearvedaszuasiiauiiuay sadves
Ll
Andlufhszning ¢, - ¢, sslinrsail Ao
kT (Ng) kT (N,) kT {NgN
b; =g —cbp =—1{n dJ—l——En ij:—fn % (2.22)
e \nj) a \n) q n

o

! ar . . . X . e
uazBen ¢; TsAUIUAT (built-in potential) FevziinToanaadiuyan

A oalAl

Tunsfiffimafemsdrennududugann ~10° degnuisdiaufimns aunisd

1 P’ [ 1 i ' &
2.22) vz hidlusisdndeld sz hnsfiffinsfemsethage iedszaaieddunisuanis
vaaresii-ausn drelsisumsusnuevowdnnad-luadsuui il 18 diesnnszaumeiives
& o o n‘.'i. @ Y & ) - | or oo n‘i Y
mansaniezifeumiveuveeundsny (uanninhsiafszdumeiteeidswdvivey
ﬂ‘l %) - i L LY d
wugavawnvuaud fudu) ufeszdueiivesmsiigaidoagiemin szfionlyan

9

(Y] =y B2 a s om = t a o
seaumeiivoemsfinhduniudnoiy E/2q ¥393199 0.56 Biinaseulind Tuszaeuves

1w

b
) Si Asdulusesde p” -n dndludeefiddainude

kT [N
6] =056+— ) — (2.23)
q n;
cl ~y A f, 3 X o =1 o e 0 19 &
uazmjmmwmﬂaaﬂwm:mﬂwwuﬂwﬂ'ﬂn;ﬂuLuamsmmmammaummmmmmmuJu

@ ot oot odd o ' - -
mmaw-muﬂnﬂ i]:ﬁ‘W‘lJ'J'lﬂ'B'mﬂ’i”lﬁ‘liﬂﬂﬂinﬂll‘lmllﬁBﬂﬁ11’1$ﬂ§]

1
2 2
X, 4 X, = —-E—-“’-¢{—l—+-—l—J (2.24)
q N, Ny

é L7 T oy 3 o |3 -7 |
gaszmiu lddahanun haess nawalasannsiusudunduvesrnfiaosyesnidudy

veamsds lasilszumn
2.6.3 seariaN-By meldanemludadeoundv

[
dldusedu’d v, udsesdeludnunsfivioudedidumsmsisnheiafiuas

r
=

J e é ar a =y ' ar or 1 1 1
Sunseiiumsiinheiiady uasssina sy v, mﬁm‘lﬂﬁﬂﬂsanagﬁnsnmﬁauma

o

farfu useduuds ¢, vearumshi (2.25) sxgnunudfiaae (¢,-v,)

1
Xq =Xy +X, = [2 ©s ¢ (_J,——J(q)l )} ? (2.25)

q Ny
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d v, fifwnnd ¢, ufwnunhaewatinavalasannzssulsduasadunnficeswes

v, vingul#i 2.15 (@) s I ddgegaile

“;_imaxxd = (d); - Va)

€ max = 2bi = Va) 2.26)

Xd
2.7 Manugldih

T 234 T é 1 j { o 1 1 y
Ay e sdyapavinadndeniloniwiufiveanusesds szuanssdlugves

1 & I = @ @ o
1ly29 Q, (wonilavuenud) luiSnsuvndasawing dnnuduius
Qs =qNgx, =qN,X, (2.27)

nnfiguvesmaaug ife

dx
Y 4 g dxy AN (2.28)
dv, av, dv,
Weitiieqnn X, =(N, /N )x, U0z x, =x, +x, SR ITIANNT A (2.25)
wwlan
1
2
jén 21; ES (2.29)
a d 1
2qf ——+— Vv,
q[N NG J(dn ,
Hay
1
2
C- 4s (2.30)
11
29 — +—— [\9; — V.
q(Na N J(dn a)J

] ¥
Tunsiif | v, | fisnnd 6, udimnnug Iihvessesdeuuuduszanaslaoutlswnduiuin

i H H 1 é ar r g
fiveves v, Aumuaumsdi 2.25) asluaumsi 2.30) w218 C=¢, /x, Fuiluanuduiudf

Yo o

Finduurevaedmiv hadudyanavwiadn
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1 o 3 3 < 1 1 1 ° 1
ﬂﬂ'l\illiﬂﬂ'lll ﬁuﬂuﬂsﬂﬁmmﬁmuu ‘I—&‘lfK’J\1ﬁ"]'ilﬁﬂluﬂil’lmiﬂﬂﬂﬁlﬁﬂ‘l‘lﬂﬂﬂ\l werua g

ar 1 1 é r ‘3‘ 1 1 I 1
x, B4x, Asgui 2.6 dszyInflwenilamizeduh Q Mlnngegsendiex unzvouwaLiim

b 4
a4

daeanme x_ sefinnudusiuiag

Q=q[ Ndx 231)

.

o N fommnuminutuvesisggnt uazliauniiiy NN, uaiioann éx(xn):o Tagn1s

¥

] ¥
1¥ngueamd (Gauss's law) 92 18 Manw IWihfidums x 1aq Tindsilde

1 rx
~E09= [ aex = -3: (232)
N=N, -N.T i
- &,
Xy :
0 3,
dx, -"3"" T om——a

Al 2,16 Ty IWdvesamnimesaien lurdusalaeanmy
n. tramsanIMinesaeuyesms S efifian llmiwewenslus
Uasanmz
v, Shwnzvosaun I lu nuwadreanmsdious s lusa

foundulianasullidntioy
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Ingfi 216 (v) disuseduidoundu v, Hawlfeuly av. veuvnvenTinulaon

& o o = { H ' o o '
wimzmedumsisdaheiiaduesnlfould o, uazdszy i fdsingegluaSnadwed x
' !
=

suila x_ ozdidsiife
dQ= qN(xn)dxn (2.33)

udaaruudiiige x snlfou ldmunuduius

_aE, =99 9 Nk, )ax, (2.34)
[

§ 5

3
!

) g i as s o b o a4 g/ s H 4
ueiilpsniniufing vl & v x sedudusiy ¢, — V. deiuussdn iihidow Tz aeandes

ar g : i ot le .
VAUNUSIOUFUR 2.16 (1) Aetiung 1d

dV, ~—x4dE, =-’;idQ (235)

)

o T kY ar [~ |
wazanideny manuy Idihessdyaauuiaibn fie

c-9Q_&

= 2.
%\ (2.36)

o Q) o ;’\" é at o = &
meldangludsadeundy vSnnveuwallasanivznaanuatsnsdnhriafiuazduasie
dnlwiladuszidousen larnuuafin dmiuoyiusuesaumsi (2.36) fousy x fie

dC & (1+prJ

dxl‘l " (Xn +xp)2L an

(2.37)

v ¥ ] r ¥
udtiioannvinavestlssy MW aestisve s nusesretidouldedseiidunadivhiu

&

uune
Q= qu(‘xp)prI =qN(x,)dx, (2.38)
_ 2
uag c = ¢ (1+ M) (2.39)
dxn SN L IN(—xP )’
UNUAT dx_ YeTun IS (2.39) adluaunmsf (2.33) 9219
2
N
N(x, ) = ——C (1 L Nxq) 040)

es‘(dc/dVa)L IN(-x,)
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2 oo oo — ; .
dwansdnihwiafigaSesdmin udmalynielunaduvesaunsf 2.40) sxfinudingd

& : ' 3 . L
qud Feeznawilumsmainnududuasfovsssovasunudud1afion (one sided step junction)

2.8 dnuaznssun-usadu ihve sseudof-18u (§Arly, 2545; §Mib, 2552; §Ady, 2557)

VoA d

vingdfi 217 uaasmislounssiuidases v, 1ddulaleavilasesref-du laload

J 1 Qr 1) ol i L] L} ':‘ é r
Fufiniida A drbifinsateuaslisilalen aszuafilvarulaleasefisunuiuesiesinta

ANVYUIAYDITIAU V, atseﬁudquiﬂmjwmﬂﬂ%euﬁiawiﬂmnn'iﬂmﬁﬂmséﬁeﬁﬂ'jwfjuﬂma‘ma
W1 (quasineutral region) Ltaz#i4211H1 (ohmic contact) U5 ey INFhan3Tiseudosziaiu (4, -
vydy, fiauduun sedeanmslusaldwit widr v, finSosmmafiuaudendmslusy
foundu nszuadt Inaluseseiinufesuin uasnizumazaadt ludufush v, 1ug9ve9 v, aum
nils

space-charge zone
_ ohmic
aFeaun contact

ohmic .
contact p-1égion

] W,
-WE b

4
o s
]’ o
B

]

)

C

s Y
—

<

~

amdl 217 TnssardueslnleasiinTovdef-durnzgnlusaluwhdoussdu v,

2.9 Qevlvveuivavesnnaduduresrvizinaion
97 = v o T oo a tg & o e
meldaieulvnsfanszuasedudr anunuiiyvesdidnasouiveuvesaiioa 15N
s 8 Aa o P e o oA A v e ' & ' '
sliadufinanusesdoR-du Aofisses x_tzihduanuuuLiuveezaouvsIasie 1uiesey
= YR} & o o

lugnmzaugadnnuieunienioldns ludaia tufien (x =N, ) Tuduesudsaiuany

I H 1 a @ o o - J 1 v &
wuinvesTaaiveuveuiloasytianedniiiaiisess x, vl n (2)=N,(x) Ay

GESINCEY

kT

Qd)i
— N .
d(xn)e}q{ KT J (2.41)

Rpo(—Xp) =1l (Xn)eXp[:_ﬂd)_i)
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kT

‘=N (-xp)exp{ l:l’f") ] (2.42)

pno(xn) = ppo (—XP)CXF{— qd)i )

nelams ludadisnsuauitou lumsiamnzseaudiee 1¢

_ —9(9; - V,)
np (—Xp) =Ny (xn)exl{—k—,l;— (2.43)
uay '
| 9 = Va)
Pn (Xn) 0\ Na (—XP)GX{ lT (2.44)
Hruanumuwlusedidnaseudmby o’ uezarmmuuniuves lsadudy p' fifntude
n'=n-ng (2.43)
P'=p-po | 2.46)
uda
' i Y qV
np (=X,) = Ao (=X, )[exp[—kT—a] - 1:' (247)
V.
Loz Pa(Xn) = Pro (xn){em[i,lfj—l] (2.48)
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» 2 —
AU % - Dp 9°pa _ (Pp —Pno) (2.49)
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2.10.1 anHezaufvedlalenstn (long-base diode characteristics)
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t p( n)*+Jn( p) qny Nde N,Lp
_ [e(an/kT) 1 (2.55)
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d
o 41 '
du 9nnsasznewlluaumsi (2.51) Aweynsumdians vz 1dh
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L
P
~AL,
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(an /kT)
e —_—
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Ny W

o ar o 1 -y 1 g é o o
luvinss@eitumusafesmanmuntiuvesnssuadidnasoufiaadt 1 udiomst s
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1
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U= (2.66)
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Tunsdinfanszumdrldes Tuseuy 1 88 luanzaveaiFannuiou dsaunsi
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ASABUHUDIABINY (spectral response :SR) (MIALHATINYDINITADUAUDIA DU

mouendly qF wisnasauvesvesmansvauasdeumanmeludiy qF-R) fsaums (2.89)
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MmN 2.1 uaammdsnuliaGunsidaduessgriingeg

Elements Threshold Ar energy (V)

(eV) 60 100 200 300 600

Ag 15 022 063 158 220  3.40
Al 13 0.11 035 065 124
Au 20 032 107 165 243
Be 15 0074 018 028  0.80
Cr 22 030 067 087 130
Cu 17 010 048 . 110 159 230
Fe 20 0064 020 053 076 126
Ge 25 022 050 074 122
Mo _ 24 0.027 013 040 058 093
Nb 25 0.017  0.068 025 040  0.65
Ni or _ 0.067 028 066 095 152
Pd 20 042 100 141 239
Pt 25 0.032 020 063 095 156
Re 35 010 037 056 091
Si 007 018 031 053
Ta 26 001 010 028 041 062
Ti 20 0081 022 033 058
A% 23 0.03 011 031 041 070
W 33 0.008 0068 029 040  0.62
Zr 22 0.027 012 028 041 075
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MmN 4.1 M5INWeIA1ee veamsetsuRduInetlesdeSiasuuniinsouatnnese
Flow Pressure Voltage Current Characteristics
Rate (tors) W) (A)
{scem)

50 ATUH =2.3x10™ 237.2 0.013 ussfuiazaton i Fafifens wu
#1e13 = 3.0x10° fiypdavainn
#IUU = 2.3x10" 253.9 0.024 WU
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@an=2.9x10"
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#ad19 = 1.7x10°
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A = 7.2x10
fUU = 1.4x10" 363.0 0.082 WAl anniu
#1819 = 9.2x10™
At = Lax10™ 365.0 0.085 AaEInA Ity
Aaa1a =9.2x10"
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maan 4.2 GoulumseSsuRduunneila)odoonlud lnedtsudaiinaduuniinsouatlamess

Flow Rate Pressure Voltage | Current | Power | Sputtering time Sheet Film
# {scem) (torr) ) (AY (W) (min) Resistance Characleristic
Ar 0, (Csq)
1 31.5 1.0 | Muu=22x10" | 3600 0.060 | 21.60 20 2.0x10° Reuintna
fra1e = 2.5x10" e s
doerula
2 27.0 1.0 | #0u=85x10" | 3600 0.041 | 14.76 25 833 fdudhma
fan = 1.6x10™ miee lifiuues
dogrld
3 25.0 0.5 | MUU=7.0x10" | 3700 0.045 | 16.65 20 18.7 fguinharaey
#2813 = 1.5x10™ miies iy
TGARGAR LN
Auld
(9uAT1 1 Ay 2
{ianiion)
4 22.0 1.0 | duu=57x10" | 3850 0.045 | 17.33 30 88.0 Heudahaa
A2d18 = 1.3x10™ uRa
5 22.0 20 | dwu=52x10" | 3850 0.040 15.40 40 94.8 Fémhaauas
#7819 = 1.3x10™ 1y lifivuas
6 | 220 30 | Muu=55x10" | 3851 0.040 | 15.40 40 130.0 fduthmiaiag
#2819 = 1.3x10" Daifuniers
7 22.0 40 | MUu=6.1x10" | 3850 0.042 | 1617 30 1.1x10" HAuinhna
e = 13x10" GG N
Tiftuuas
g | 220 50 | dnmu=59x10" | 390 0.045 | 17.55 15 7.1x10° | Fdudrhaady
#7814 = 1.3x10% Tifiunaa
9 22.0 50 | du=6.1x10" | 390.1 0.045 | 17.55 30 24x10° | Hdufimadu
#7819 = 1.4x10" aunwmiieq fufiy
uere
10 | 220 60 | du=6.4x10" | 3900 0.050 | 19.50 30 37x10° | Rdudheraud
@281 = 1.3x10" i
11 13.0 8.0 ﬂ“’J'].]'H = 5.6}{10-3 410.0 0.048 19.68 30 6.3x105 ﬁﬁu%ﬁmmrﬁ'u
fre1d = 1.4x10™ sondudniiay
12 | 200 | 100 | @wu=13x10" | 3900 0.062 | 24.18 30 1.7x10* Ffudima
#1019 = 14x10™
13 | 17.0 100 | fUU=75x10" | 390.1 0.054 | 21.06 30 29x10" | fudhanary
#a1e = 1.2x10°
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asouaamIg
- g
14 22.0 10.0 | A7WU=5.7x10" | 410.0 0.057 | 2337 30 70.0 Havmihmady
7819 = 9.7x10° 20nM
= g
15 13.0 150 | Au=5.6x10" | 4100 0.048 19.68 30 19.9 Favdrhaa
#a1 = 1.1x10™ vl
a 3
16 22.0 180 | A7uu =7.0x10" | 400.0 0.074 29.6 30 313.0 Aavamihma
fae = 9.4x10° e e
- ¥
17 7.8 200 | @IUU=87x10" | 3800 0.073 27.74 30 5.1x10° faufiena
fmne =9.2x10" mane luiuuaa
¥
18 8.0 150 | #UU =65x107 | 400.0 0.060 24.00 30 15.0 Faudrihaa
fa1e= 1.1x10” wmana T
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M1 4.3 MrpIRunUndInvvesidunsnstiofoon lad s s 18 Tae St usafine s
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0, flow rate (sccm) E, (eV)
0 1.97
2 2.50
4 2.55
6 2.40
8 2.38
10 2.25
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254 =
— 2'4 y e ——————
D ] \
‘5_ 2.34
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O, flow rate (scem)

MnN 45 asiiaan NN RUEIE NI 9T 097 1INE T UAUSATINT IHavesmEoonTi9us

@199

] ¥
TInmsnageurianisi Wi wesilauusnetilefsen ladfimSonld lnedaautouy
(hot probe) WuM¥HAn1T I uuuuf (p-type) AAIMUATUNIUUAUILUARIAIA1TIT 4.3
ATUNMNA 4.6 uaasamndrun IihvesWduunnsdnlefeenladiindoy luawsasins lua

Y9N reDnNStey



84

1 1 é
M50 4.4 anudumiuusunz sy idihesdlduueneililefeen lungunion lag

- a o oo o = v
'JﬁSLmﬂ‘ﬂ‘Nﬂ%tlﬂﬂ“ﬂiﬂuﬁﬂ%mﬂﬂ ‘ﬂﬂﬂ51ﬂ‘]iulﬁﬂﬁuﬂﬁﬂ1°ﬁﬂﬂﬂ°ﬂmuﬂ1ﬁ'm"]

Ar: 0, Sheet Resistance Resistivity
Flow Rate (Cd/sq) €d.cm)

(sccm)

31.5:0 38.00 7.6x10°
22:2 94.6 1.7x107
22:4 1.1x10" 2.2
22:6 3.7x10" 7.2
13:8 6.5x10° 1.3x10°
12:10 1.7x10" 3.4
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Temperature Current (I)
. Vy, B=0T) | V,/(B=4600G) | V,(mV)
() (10" A)
0.5 20.95 21.4 0.45
1.0 42.00 42.8 0.80
1.5 59.24 60.4 1.16
300 2.0 83.55 85.1 1.55
2.5 103.10 105.0 1.90
3.0 122.35 124.6 2.25
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6.1 FOUNANNITY “Effect of Oxidation Temperature on the Properties of CuO Thin Films Prepared
by Thermal Oxidation of Sputtered Cu Thin Films” Ay Advanced Materials Research vol. 1098,

¥
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2015, pp. 6-11. TaefiswazBoadaiife

ABSTRACT
CuQ thin films were obtained through thermal oxidation of dc¢ magnetron sputtered metallic Cu

films on glass substrates. Thermal oxidation process was performed in air at temperature ranging 300-
500°C. From XRD patterns, CuO single phase of monoclinic structure was formed at oxidation
temperature beyond 450°C whereas amorphous phase with very small grains was obtained at oxidation

temperature below 450°C. The positive sign of the Hall coefficient confirmed the p-type conductivity
in all studied films. From transmission spectra, direct band gap value is varied between 2.17 and
2.83¢V. From the transient photoconductivity measurements, persistent photoconductivity (PPC)
behavior was observed. The decay current data were better fitted with the multiple exponential
functions resulting into five slow decay times. Density of trap states corresponding to its .decay time
was also evaluated from the decay current data.

Keywords: p-CuO/n-CdS heterojunction, I-V characteristics, C-V characteristics

INTRODUCTION

Oxides of copper are well-known to show p-type conductivity and have many advantages for
catalysts and solar energy conversion application. Non-toxic, economic, abundant availability and
relatively simple formation of oxide makes copper oxide as an interesting materiat {1]. Two common

forms of copper oxide are cuprous oxide (Cuy0) and cupric oxide (CuO). A meta-stable copper oxide,
CuyO3, which is an infermediate compound between the previous two, has also reported [2]. Cuy0 and

CuO belong to cubic and monoclinic structures with band gap of 2.1-2.6 eV andl.9-2.1eV,
respectively. The growth of high quality p-type CuO thin films is essential for fabricating p-n junction-
based oxide devices, such as solar cells, light emitting diodes and transistors. The optical transmittance

and electrical resistivity of the films are two critical parameters in evaluating the performance of
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photovoltaic cells and electrochromic devices. In this paper, CuO thin films were obtained through
thermal oxidation of dc magnetron sputtered metallic Cu films on glass substrates. The physical
properties of the films were studied in order to find the possibility to use them in p-n junction low cost

thin film solar cells.

EXPERIMENTAL

Copper thin films were grown on glass substrates by vsing dc magnetron sputtering from a home-
made circular planar magnetron sputtering system. A circular planar magnetron of 60 mm diameter
was used as the magnetron cathode. The magnetron target assembly was mounted on the top plate of
the sputter chamber such that the sputtering could be done by sputtering down configuration. A
continuously variable dc power supply of 630 V and 2.6 A was used a power source for sputtering, A
60 mm diameter and 3 mm thick pure copper (99.99%) used as sputter target. Pure argon was used as
sputter gas. The flow rate of argon was controlled by AALBORG mass flow controller. Before
deposition of each batch, the target was sputtered in pure argon atmosphere for 5 min to remove oxide
layer if any on the surface of target. The sputtering conditions maintained during the growth copper
fitms are given in Table 1. The as-deposited copper thin films were oxidized in tubular furnace at
temperature ranging from 300-500 OC in air for 60 min. The crystal structure of these films was
checked by X-ray diffraction technique with a Brucker D 8 diffractometer using CuK, radiation.
Surface morphology was examined by JEOL model JSM-6400 scanning electron microscope. Optical
transrnissionﬂ measurements were performed with UV-VIS double beam spectrophotometer in the

wavelength range of 220-1,000 nm. The band gap (Eg) of the transparent films was determined by

using the equation (OhV)2 = ALV - Eg) where (X is the absorption coefficient, A is a constant and

hV is the photon energy. Electrical properties of the films were evaluated by Hall effect and resistivity

measurements in the van der Pauw configuration at room temperature.
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Table 1 List of some conditions for preparing CuQ thin films

Conditions Parameters Values

Sputtering Target Cu
Argon flow rate {sccm) 15
Target to substrate distance (cm) 10
Bias voltage (V) 370
Curmrent (mA) 80
Substrate temperature ('C) 25
Working pressure (torr) 3.6x10°
Sputtering time (min) 6

Oxidized in air Temperature ('C) 300-500
Time (min) 60.

RESULTS AND DISCUSSION

Fig. 1 shows XRD pattemns of CuQ films as a function of oxidation temperature. XRD patterns of
the films oxidized 'at temperature below 450°C show amorphous characteristics. In contrast, the XRD
spectrum of the films oxidized at 500°C shows the well-resolved two diffraction peaks. These peaks
correspond to the reflection of (-111) and (111) planes of standard JCPDS data card of CuQ (JCPDS
No. 80-1268). The crystallite size was calculated using Scherrer’s formula, neglecting peak broadening
due to residual stresses in the films, L= O.9A./(Bcose) where B is the broadening of diffraction line
measured at half its maximum intensity in radian and Ais the wavelength of X-rays (0.1540 nm). The
calculated value of L is about 15 nm. SEM images of CuO films obtained from oxidation temperature

during 300-500°C were shown in Fig. 2. When the films were oxidized below 3509C, the morphology

does not change much and shows better uniformity in free surface. However, oxidation temperatures

higher than 350°C, small pores over the films were observed.
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Fig. 1 XRD patterns of CuO films as a function of oxidation temperature.
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Fig. 2 SEM images of CuO films obtained from oxidation temperature between 300-500°C.
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Fig. 3 shows transmittance spectra of CuQ films obtained from oxidation temperature during 300~

500°C. From the fransmittance spectra we have also calculated band gap of films with different
oxidation temperatures. The absorption coefficient () is calculated using the equation (0 =

(1/8)In(1/T) where T is transmittance and d is film thickness, The absorption coefficient ((l) and the
incident photon energy (hV) related by ((IhV)2=A(hV-Eg) where A and Eg are constant and band gap

values, respectively. The Eg can be determined by extrapolation of the linear portion of the curve to the

photon energy axis. Fig. 4 shows the curve of ((].hV)2 vs. photon energy (hV) of the films obtained

from oxidation temperature at 500°C. Two allowed direct transition band gap were obviously

observed. The smaller band gap value (Egl) should correspond to the major CuQ phase. The bigger
band gap (Egz) 1s possibly atiributed to the parasitic phase of CuyO which cannot be observed by XRD
due to too small amount of Cu,sO content in the bulk of films. The variation of Egl and Egz was
shown in Fig. 5. The Egl decreases from 2.41 to 2.17 ¢V with oxidation temperature increases from
300 to 400°C and then increases to 2.19 eV when oxidation temperature further increases to 500°C.
The similar behavior is also observed in EgZ' These results indicate that Egl and EgZ are sensitive to

the oxidation temperature.
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Fig. 3 Transmittance of CuQ films obtained Fig. 4 (0hV)2 vs. BV plot of CuQ films
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Electrical properties of the films were evaluated by Hall effect and resistivity measurements in the
van der Pauw configuration. We found that all studied films are exhibited ptype conductivity.
Variations of the resistivity, carrier comncentration and mobility against 6xidizing temperature are

shown in Fig, 6. Carrier concentration (n) is derived frpm the relation n=1/eRyy where Ryy is the Hall
coefficient and ¢ is the absolute value of the electron charge. The carmrier mobility (i) is determined
using the relation 1/ne) where ) is resistivity. Resistivity of the films increases from 5.01x102 to
attain maximum at 7.50x10°€).cm with oxidation temperature increasing from 300 to 400°C, and
decreases to 1.88x10% £Q.cm when the oxidation temperature further increase to S00°C. The mobility

initially decreases with an increase in oxidation temperature up to 400°C and then increases with an
increase in oxidation temperature. The variation of carrier concentration shows the similar behavior to
mobility, These results indicate that the resistivity, carrier concentration and mobility of the films are

sensitive to the oxidation temperature.
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The photocurrent response of the films oxidized at 500°C was measured by two probe method

using halogen lamp as a light source. Two silver electrodes with area 0.05 cm? was made on the

sample surface. The photocurrent response of the films oxidized at 500°C was shown in Fig. 7. The
sample was connected to the experimental setup and maintained in darkness under a constant applied
bias of 6 V to stabilize the current. After the stabilization period, the current was recorded in the
following sequences: 30 s in darkness, 400 s under illumination and, finally, 400 s in the darkness.
Under illumination, the current increases immediately because a lot of carriers were exited by light

illumination. After the illumination period, the persistent photoconductivity (PPC) effect of the films

oxidized at 500°C occurred in darkness. The decay of PPC in Fig. 7 can be described by multiple
exponential functions [ 3,4] as

t
I=lg + “IM)ZGXP(—}")
i ]
where I3, is the current measured in darkness, Ig is the PPC buildup level near the moment of light

excitation being removed, T is the PPC decay time constant. The normalized decay current in darkness
as shown in Fig. 8, which follows the illumination period, indicates the persistent of charge carrier
traps in the films [5]. In Fig. 8 the dash line is the measured data and the solid line is the least squares
fit data by the multiple exponential functions as described above. According to the function of fifting
curve in Fig. 8 we calculated that the five T values are 120,77, 208.33, 414.94, 884.96 and 1504.95 s.

Method for calculating the trap densities corresponding to the PPC decay constant was reported in the

literatures {6-8]. The corresponding trap densities are 1.38x1011, 1.03x1011, 7.90);1010, 6.70x1010

and 5.89x1010 cm™2.
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Fig. 7 Photocurrent response of Cu©Q films Fig. 8 Normalized decay time of Cu(} films
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SUMMARY
CuOQ thin films were obtained through oxidation of metallic Cu films deposited on glass substrates

by dc magnetron sputtering method. It is shown that the Cuo single phase of thonoclinic structure was
formed at oxidation temperature beyond 450°C where amorphous phase with very smail grains,

confirmed by SEM images, was obtained at oxidation temperature below 450°C. All studied films are

p-type semiconductors with band gap of 2.17-2.83 eV. The photocurrent response of films oxidized at

500°C was measured by two probe using halogen lamp as a light source. The decay cutrent data were

better fitted with the multiple exponential functions. Five slow decay times and five trap densities
values are 120.77, 208.33, 414.94, 884.96, 1504.95 s and1.38x10!! 1.03x101l, 7.90x1010,

6.70x1010, 5.89x1010 cm2, respectively.
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6.2 Founanuidefledsznramadiuiiums “Preparation of CuO Thin Films by Thermally

Oxidized Metallic Cu Films for CdS/CuQ Heterojunction Diode™ falineazidandail

ABSTRACT

Copper thin films were deposited on glass substrates using thermal evaporation in vacuum and
then thermally oxidized in air at temperature rariging 100-500°C. XRD patterns show the formation of
fine grain Cu,O phase at 300°C and CuO phase at 400°C, respectively. Crystallinity and grain size were
found to improve with increasing oxidation temperature. The energy gap of the samples evaluated from
absorption measurements was found to be in between 2.10 and 2.23 eV. Important electrical
parameters such as resistivity, carrier concentration and mobility of CuQ thin films obtained from
oxidation temperature 500°C are 8.53x10° Q-cm, 7.60x10" cm” and 6.22 cmZ/V-s, respectively. The
prototype of CdS/CuQ thin film heterojunction diode was successfully prepared by thermal evaporation
of CdS thin films on CuO thin films substrate in vacuum. The obtained device exhibits a good
rectifying behavior from I-V characteristics. Various junction parameters such as barrier height,
ideality factor and series resistance were calculated using I-V data and observed to be 5.190 ¢V, 0.520
and 3.87 Q, respectively. Impedance spectroscopy of the device was investigated at temperature of
25-60°C. The real and imaginary parts of the complex impedance are changed with the temperature and
frequency. The experimental results suggest that the device could be possibly used a good candidate for
photovoltaic devices with low thermal budget and low product cost.

Keywords: CuO thin films, thermal oxidation, CdS/CuQ heterojunction, impedance spectroscopy

INTRODUCTION

Copper oxides are semiconducting materials that have a natural abundance of starting material Cu.
They have been extensively studied because of their potential applications as solar cells, gas sensors,
electrochemical sensors and batteries( Ooi et al. 2013; Valladares, 2012). Copper oxides are reported to
be composed of two oxide phases, namely, cupric oxide {(CuO) and cuprous oxide (Cu,0) with p-type
conductivity. The former has a narrow band gap of 1.21-1.51 eV absorbing throughout the visible
spectrum with a monoclinic structure while the latter has a direct optical band gap range from 2.10-
2.60 eV with a cubic structure (Cho et al., 2013). A meta-stable copper oxide, Cuy03, which is an

intermediate compound between the previous two, has also reported (Ooi et al,, 2013). Numerous
methods such as reactive sputtering, chemical vapor deposition, sol-gel, electro-deposition and thermal

oxidation have been used to grow copper oxide thin films. In this work, we investigated the effect of
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temperature of oxidation on the properties of copper oxide thin films prepared by oxidation of thermal
vacuum evaporated Cu thin films. Structural, optical and electrical properties of the films were studied
in order to find the possibility to use them in p-n junction. The formation of CdS/Cu0 heterojunction
was elaborated by thermal evaporating CdS thin films on CuQ thin films coated on ITO glass substrate.
We investigated I-V and C-V characteristics of CdS/CuQ heterojunction for evaluating some important
parameters such as junction barrier height, ideality factor and series resistance values by using
thermionic emission theory and Cheung’s method. Moreover, impedance spectroscopy of the device

was investigated at temperature range 25-60°C.

MATERIAL AND METHODS

Copper thin films were grown on glass substrates by thermal evaporation in vacuum better than
5x10° mbar. Prior to deposition, the glass substrates were cleaned in acetone, ethanol and de-ionized
water, respectively. The starting material was metallic Cu pellets (99.99% purity). The film thickness
about 200 nm was monitored by a quartz crystal thickness monitor (Edward type FTM 6). The thermal
oxidation of Cu films was carried out in a muffle furnace at difference temperatures ranging 100-500°C
for 60 min. The heating rate was maintained at 100°C/h. After oxidation, the -samples were cooled
down to room temperature naturally. The crystal structure of these films was checked by X-ray
diffraction technique with a Brucker D 8 diffractometer using CuK,, radiation. Surface morphology
was examined by JEOL model JSM-6400 scanning electron microscope. Optical absorption
measurements were performed with UV-VIS double beam spectrophotometer in the wavelength range -

of 220-800 nm. The band gap (Eg) of the transparent films was determined by using the equation

(ChVY = A'(hV-Eg) where OU is the absorption coefficient, A" is a constant and hV is the photon
energy. Electrical properties of the films were evaluated by Hall effect and resistivity measurements in
the van der Pauw configuration at room temperature. In order to fabricate CdS/CuO thin fitm
heterojunction, Cu thin films deposited on ITO coated glass substrate and oxidized at 500°C for 60
min. CdS thin films were subsequently evaporated onto CuOQ films. Finally, ohmic contact was made of
silver paste on the surface of CdS and on the surface of ITO. The I-V characteristic curves were
measured by using a computer interfaced Keithley 236 current/voltage source at room temperature.
Impedance spectroscopy was carried out by Agilent E4980A Precision LCR Meter with frequency
range 10 kHz- 2 MHz and temperature range 25-60°C.
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RESULTS AND DISCUSSION

Cu-0 films characteristics

The XRD patterns of the as-grown and thermally oxidized Cu films at different temperatures
ranging 100-500°C were shown in Figure 1. The as-grown Cu sample reveals a diffraction peak at 20
equal to 43.50° corresponding to (111) diffraction plane of metallic Cu. Oxidation of Cu thin films at
100 and 200°C still shows purely (111) diffraction plane of metallic Cu phase with reduction in peak
intensity. For the sample Cu films oxidized at 300°C, there is a weak diffraction peak at 36.46° which
corresponds to the (111) plané of Cu,0 in agreement with the literature reported (Valladares et al.,
2012). However, oxidation temperature at 400°C the (111} diffraction plane of monoclinic CuO phase
was occurred. For the films oxidized at 500°C the well- resolved two diffraction peaks at 20 of 35.40°
and 38.35° were observed. These peaks correspond to diffraction of (-111) and (111) planes of standard
JCPDS data of CuO (JCPDS No. 80-1268). Figure 2 shows the SEM micrograph of Cu films oxidized
at 500°C. The surface of the as-deposited Cu films is mostly smooth and uniform, while the surface

particle size and surface roughness increase with the increase of thermal oxidation temperature.

Intensity (a,w)
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Figure 1. XRD patterns of Cu-O films.
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Figure 2. SEM micrograph of Cu-O films oxidized at 500°C.



129

Electrical properties of the films were evaluated by Hall effect and resistivity measurements in the
van der Pauw configuration, We found that Cu films oxidized at 100-500°C are exhibited p-type
conductivity. Variations of the resistivity(p), carrier concentration (p) and mobility([l) against ‘
oxidation temperature are shown in Figure 3. Resistivity value of the as-deposited and the Cu films
oxidized at 100°C is very low (~104 Q-cm). It suggests that the main phase of the films oxidized at
100°C is still metallic Cu which is good agreement with XRD results. In contrast, the films oxidized at
temperature beyond 200°C show high resistivity in the order 10° £2-cm. The carrier concentration
initially decreases with an increase in oxidation temperature up to 300°C and then increases with an
increase in oxidation temperature. The mobility is gradually decreased from 31.28 to 6.22 em’/Vs
" when the oxidation temperature increases from 100 to 500°C.

Figure 4 shows the absorbance (A) as a function of wavelength for the films oxidized at different
temperatures, As seen, the absorbance value decreases as the wavelength increases. The absorption
coefficient ((f) can be calculated by using the relation; 0L = 2.303A/d, where A is the absorbance and d
is the thickness of the sample. From optical absorbance measurements the ((Ih\/)2 data was obtained
and, following the method reported by Tauc, were plotted as a function of photon energy (hV) to
estimated the energy gap (E). Figure 5 displays the plot for Tauc’s method to calculate the energy gap
of the films oxidized at 300 °C. Variation of energy gap as a function of oxidation temperature is
shown in Figure 6. The E, value initially increases up to the maximun value 2.23 eV at oxidation

temperature 300°C and then decrease to the minimum value 2.10 eV at oxidation temperature 500°C.
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130

Absorbance

0.0 T ¥ L]
60 430 600 2 840

Wavelength (un)
Figure 4. Absorption spectra of Cu-O filins.
4.0 4

3z
Eg=1222 eV

(oh)’ (1)

hy (eV)
Figure 5. Plot of (OhV) vs. BV of Cu-O films oxidized at 300°C.
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Figure 6. Variation of E, with oxidation terperature.

Device characteristics

In the literature reviews, CdS compound has a higher resistivity than CuQ and carrier
concentration of CdS (<10"cm”) is lower than CuO (>10" cm”) about 3 order. Therefore, in the view
of large different carrier concentration between CdS and CuO, it may be assumed that this

heterojunction act as nearly a step junciion. Therefore, it may assumed that the current through a diode
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at a forward bias V, based on the thermionic emission (TE) mechanism, is given by the relation

(Rhoderick and Willam, 1988)

I= I,{exp(%)[l —exp{—gV / kT )]} (D

and I, = AA'T* exp{- gy, / kT) (2

where I is the saturation current derived from the straight line intercept of the semi-logarithmic I-V
plot at V=0, V is forward bias voltage, T is the absolute temperature, q is the electronic charge, k is
Boltzmann constant, A is the effective area, 4" =4agm k* /4 is the effective Richardson constant of
20 A-em K for n-CdS, where m*=0.165m, is the effective mass of the electrons, g,, is the apparent
barrier height at zero bias voltage and n is the ideality factor. From Eq. (1), the ideality factor n which

is given by

el
kT \ddn D)

The measured I-V plot of CdS/CuO diode at room temperature is shown in Figure 7. We have
performed a least square fit of Eq. (1) to the linear part of the measured semi-logarithmic I-V plots
(Figure 8) within bias voltage about 0.1-0.4 V. Once L is known, the zero bias barrier height (¢BD) can
also be computed with the help of Eq. (2). Using Eqs. (2) and (3), the experimental values of the
ideality factor and the barrier height having 5.190 and 0.520 ¢V were determined. The observed high
ideality factor suggests that the transport properties of the device could not be well defined by
thermionic emission model. To betier understand the mechanism that controls the transport properties
of this heterojunction, Inl-InV plot is presented in Figure 9. It is evident from Inl-InV plot that forward
bias characteristics show three regions. The first region (V<0.1V) I-V characteristics comply with the
linear ohmic behavior (I~V), which is mainly caused by thermally generated charge carriers (Tyaki et
al., 2015). In the region II (0.1<V< 0.4V) the current increases exponentially with bias voltage (I
~expOlV). This is mainly to the recombination- tunneling mechanism (Aksoy and Cagar, 2012). At
higher bias voltage (region III, V>0.4V) the I-V characteristics follow a power law relation (I~V2). The
current flow through the junction is due to space- charge limited cwrent (SCLC) conduction,
dominated by a single energy trap level (Zeyada et al., 2015). This SCLC mechanism is a normal

phenomenon in the wide band gap semiconductor (Tyaki, 2015).
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Figure 7. I-V plot of CdS/CuQ diode.
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Figure 8. InI-V plot of CdS/CuC diode.

The series resistance Ry is an important parameter in the electrical characteristics of diodé. This
parameter is significant in the downward curvature (non-tinear region) of the forward bias I-V
characieristics, but the other two parameters (n and ¢ao) are significant in both the linear and non-
linear regions of the I-V characteristics. An efficient technique to determine R, n and ¢Bo has been

proposed by Cheung (Aksoy and Cagar, 2014). From Eq. (1) the following functions can be written as

TR, (4)
dilnl) g¢q
H()= V-n[ﬂ]ln( ! 2) (5)
q AAT

and H(I) is given as follows;

H(I)=ngy, + IR, (6)
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where ¢Bo is the barrier height obtained from data of downward curvature region in the forward bias I-
V characteristics. Eq. (4) should give a straight line for the data of downward curvature region in the
forward bias I-V characteristics. Thus, a plot of dV/d(InI)-I will give Ry as the slope and nkT/q as the y-
axis intercept as shown in Figure 10. The values of n and R, have been calculated as 5.322 and 3.48 Q,
respectively. This n value is slightly different obtaining from the forward bias Inl-V plot. This
difference may be caused by the presence of series resistance and interface states (Barsoukov and
Macdonald, 2005). Using the n value determined from Eq. (4) and the data of the downward cufvature
region in the forward bias I-V characteristics in Eq. (5), a plot of H(I)-I will also lead to a straight line
with the y-axis intercept equal to n¢BU- The slope of this plot also determines R, which can used to
check &1&: consistency of this approach. From the Figure 11, the barrier height and series resistance of
the device are calculated as 0.542 and 3.87 Q, respectively. Furthermore, the values of R obtained
from dV/d(InI)-I and H(I)-I plots are in good agreement with each other. This case shows the

consistency of Cheung’s approach.
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Figure 10. dV/d(tnD)-I plot of CdS/CuO diode.
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Figure 11. H(I)-I plot of CdS/CuQ diode.

Figure 12 shows the variation of the real part of complex impedance (Z') with frequency at
différent temperatﬁres. With increasing temperature, the curves display monotonous decrease in value
of Z' with frequency. The magnitude of 7' decreases whereas temnperature increases. It may indicate
the increase in the a.c. conductivity. The Z' values merge above 100 kHz at all temperatures. Figure 13
shows the .van'ation of the imaginary part of complex impedance (Z") with frequency at different
temperatures. The peak frequency of the z" shifis to higher frequencies with increasing temperature.
This may indicate that decreasing relaxation in the system. The relaxation frequency (®,) was
calculated from the peak frequency of 2 plot with the help of the relation 2ML{,RC=M,RC=1[9]. This
frequency was found to increase with temperature indicating increasing loss in the sample. From the
Arrhenius plot of m(mﬂ / T2) as shown in Figure 14, the activation energy around 0.466 eV of the deep
traps occurring at CdS/CuQ interface was subsequently calculated. The appearance of discrete trapping
level is in consistence with the results observed in d.c. transport studies corresponding to SCLC

conduction controlled by single energy trap level.
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Figurel2, Z'-f plot of CdS/CuO diode.
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CONCLUSION

Coppef oxide thin films were successfully obtained through thermal oxidation process of Cu thin
films, prepared by thermal evaporation in vacuum, at temperature beyond 200°C. From XRD patterns,
a weak diffraction peak corresponding to (111) plane of Cu,O phase was observed in the films oxidized
at 300°C. For the films oxidized at 500°C, the well-resolved two diffraction peaks attributed to (-111)
and (111) planes of CuOQ phase were appeared. From SEM micrographs, the surface particie size and
surface roughness increase with the increase of thermal oxidation temperature. The dc electrical
properties of the films were evaluated by Hall effect and resistivity measurements in the van der Pauw
configuration at room temperature. The CdS/CuQ heterojunction was successfully fabricated by
thermal evaporation of CdS thin films on CuO thin films obtained by oxidation process at 500°C for
60min. The as-grown heterojunction shows a good rectifying behavior. The forward current transport is
limited by three types of transport mechanisms namely Ohmic conduction, recombination-tunneling
and space- charge limited current mechanisms depending on the applied forward bias voltage.

Impedance spectroscopy of the device was investigated at temperature of 25-60°C. The real and
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imaginary parts of the complex impedance are changed with the temperature and frequency. The
experimental results suggest that the device could be used possibly a good candidate for photovoltaic

devices with low thermal budget and low product cost.
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Abstract. CuQ thin films were obtained through thermal oxidation of dc magnetron sputtered
metallic Cu films on glass substrates. Thermal oxidation process was performed in air at
temperature ranging 300-500 °C. From XRD patterns, CuO single phase of monoclinic structure
was formed at oxidation temperature beyond 450 °C whereas amorphous phase with very small
grains was obtained at oxidation temperature below 450 °C. The positive sign of the Hall coefficient
confirmed the p-type conductivity in all studied films. From transmission spectra, direct band gap
value is varied between 2.17 and 2.83eV. From the transient photoconductivity measurements,
persistent photoconductivity (PPC) behavior was observed. The decay current data were better
fitted with the multiple exponential functions resulting into five slow decay times. Density of trap
states corresponding to its decay time was also evaluated from the decay current data.

Introduction

Oxides of copper are well-known to show p-type conductivity and have many advantages for
catalysts and solar energy conversion application. Non-toxic, economic, abundant availability and
relatively simple formation of oxide makes copper oxide as an interesting material [1]. Two
common forms of copper oxide are cuprous oxide (Cu,0) and cupric oxide (CuO). A meta-stable
copper oxide, CuyOs, which is an intermediate compound between the previous two, has also
reported [2]. Cu;0 and CuQ belong to cubic and monoclinic structures with band gap of 2.12.6eV
and1.9-2.1eV, respectively. The growth of high quality p-type CuO thin films is essential for
fabricating p-n junction-based oxide devices, such as solar cells, light emitting diodes and
transistors. The optical transmittance and electrical resistivity of the films are two critical
parameters in evaluating the performance of photovoltaic cells and electrochromic devices. In this
paper, CuO thin films were obtained through thermal oxidation of dc magnetron sputtered metallic
Cu films on glass substrates. The physical properties of the films were studied in order to find the
possibility to use them in p-n junction low cost thin film solar cells.

Experimental

Copper thin films were grown on glass substrates by using dc magnetron sputtering from a
home-made circular planar magnetron sputtering system. A circular planar magnetron of 60 mm
diameter was used as the magnetron cathode. The magnetron target assembly was mounted on the
top plate of the sputter chamber such that the sputtering could be done by sputtering down
configuration. A continuously variable dc power supply of 630 V and 2.6 A was used a power
source for sputtering. A 60 mm diameter and 3 mm thick pure copper (59.99%) used as sputter
target. Pure argon was used as sputter gas. The flow rate of argon was controlled by AALBORG
mass flow controller. Before deposition of each batch, the target was sputtered in pure argon
atmosphere for 5 min to remove oxide layer if any on the surface of target. The sputtering
conditions maintained during the growth copper films are given in Table 1. The as-deposited copper
thin films were oxidized in tubular furnace at temperature ranging from 300-500 °C in air for 60
min. The crystal structure of these films was checked by X-ray diffraction technique with a Brucker

All rights reserved. No part of contents of this paper miay be reproduced or transmitted In any form of by any means withaut the written permission of TTP,
www.ttp.net. (ID: 171.96.174.174, King Mongut's Institute of Technology Ladkrabang, Bangkok, Thailand-25/02/15,15:51:23)
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D 8 diffractometer using Cuk, radiation. Surface morphology was examined by JEOL model
JSM-6400 scanning electron microscope. Optical transmission measurements were performed with
UV-VIS double beam spectrophotometer in the wavelength range of 220-1,000 nm. The band gap
(Ep) of the transparent films was determined by using the equation (ahv)* = Ahv - Eg) where ais
the absorption coefficient, A is a constant and hv is the photon energy. Electrical properties of the
films were evaluated by Hall effect and resistivity measurements in the van der Pauw configuration

at room temperature.
Table 1 List of some conditions for preparing CuO thin films

Conditions Parameters Values

Sputtering Target Cu
Argon flow rate (scom) 15
Target to substrate distance (cmy}) 10
Bias voltage (V) 370
Current {mA) 80
Subsirate temperature ("C) 25
Working pressure (torr) 3.6x10°
Sputtering time (min) 6

Oxidized in air Temperature (°C) 300-500
Time (tnin) 60

Results and Discussion

Fig. 1 shows XRD patterns of CuOQ films as a function of oxidation temperature. XRD patterns of
the films oxidized at temperature below 450 °C show amorphous characteristics. {n contrast, the
XRD spectrum of the films oxidized at 500 °C shows the well-resolved two diffraction peaks. These
peaks correspond to the reflection of (-111) and (111) planes of standard JCPDS data card of CuO
(YCPDS No. 80-1268). The crystallite size was calculated using Scherrer’s formula, neglecting peak
broadening due to residual stresses in the films, L= 0.9%/(Bcos@) where P is the broadening of
diffraction line measured at half its maximum intensity in radian and A is the wavelength of X-rays
(0.1540 nm). The calculated value of L is about 15 nm. SEM images of CuO films obtained from
oxidation temperature during 300-500 °C were shown in Fig. 2. When the films were oxidized
below 350°C, the morphology does not change much and shows better uniformity in free surface.
However, oxidation temperatures higher than 350 °C, small pores over the films were observed.

Intensity {3.0.)

2 Theta {degrod)

Fig. 1 XRD patterns of CuO films as a function of oxidation temperature.
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Fig. 2 SEM images of CuO films obtained from oxidation temperature between 300-500 °C.

Fig. 3 shows transmittance spectra of CuO films obtained from oxidation temperature during
300-500 °C. From the transmittance spectra we have also calculated band gap of films with different
oxidation temperatures. The absorption coefficient (o) is calculated using the equation a =
(1/d)In(1/T) where T is transmittance and d is film thickness. The absorption coefficient () and the
incident photon energy (hv) related by (chv)*=A(hv-E,) where A and E, are constant and band gap
values, respectively. The E; can be determined by extrapolation of the linear portion of the curve to
the photon energy axis. Fig. 4 shows the curve of (chv)® vs. photon energy (hv) of the films
obtained from oxidation temperature at 500 °C. Two allowed direct transition band gap were
obviously observed. The smaller band gap value (Eg;) should correspond to the major CuO phase.
The bigger band gap (Eg) is possibly attributed to the parasitic phase of CuO which cannot be
observed by XRD due to too small amount of CuyO content in the bulk of films. The variation of
E,; and E,, was shown in Fig, 5. The Eg decreases from 2.41 to 2.17 eV with oxidation temperature
increases from 300 to 400 °C and then increases to 2.19 eV when oxidation temperature further
increases to 500 °C. The similar behavior is also observed in Eg,. These results indicate that Eg and

E,; are sensitive to the oxidation temperature.
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Fig. 5 Variation of band gap of CuO films as a function of oxidation temperature.

Electrical properties of the films were evaluated by Hall effect and resistivity measurements in
the van der Pauw configuration. We found that all studied films are exhibited p-type conductivity.
Variations of the resistivity, carrier concentration and mobility against oxidizing temperature are
shown in Fig. 6. Carrier concentration (n) is derived from the relation n=1/¢Ry where Ry is the Hall
coefficient and e is the absolute value of the electron charge. The carrier mobility (1) is determined
using the relation 1/nep where p is resistivity. Resistivity of the films increases from 5.01x10° to
attain maximum at 7.50x10°Q.cm with oxidation temperature increasing from 300 to 400 °C, and
decreases to 1.88x10° Q.cm when the oxidation temperature further increase to 500°C. The mobility
initially decreases with an increase in oxidation temperature up to 400 °C and then increases with an
increase in oxidation temperature. The variation of carrier concentration shows the similar behavior
to mobility. These results indicate that the resistivity, carrier concentration and mobility of the films
are sensitive to the oxidation temperature.
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Fig. 6 Variations of the resistivity, carrier concentration and mobility against oxidation temperature.

The photocurrent response of the films oxidized at 500 °C was measured by two probe method
using halogen lamp as a light source. Two silver electrodes with area 0.05 cm’ was made on the
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sample surface. The photocurrent response of the films oxidized at 500 °C was shown in Fig. 7. The
sample was connected to the experimental setup and maintained in darkness under a constant
applied bias of 6 V to stabilize the current. After the stabilization period, the current was recorded
in the following sequences: 30 s in darkness, 400 s under illumination and, finally, 400 s in the
darkness. Under illumination, the current increases immediately -because a lot of carriers were
exited by light illumination. After the illumination period, the persistent photoconductivity (PPC)
effect of the films oxidized at 500 °C occurred in darkness. The decay of PPC in Fig. 7 can be
described by multiple exponential functions [ 3,4] as

t
I= gy + Ly = Lo )ZEXP(--T—)

where Iy is the current measured in darkness, Iy is the PPC buildup level near the moment of
light excitation being removed, t is the PPC decay time constant. The normalized decay current in
darkness as shown in Fig. 8, which follows the illumination period, indicates the persistent of
charge carrier traps in the films [5]. In Fig. 8 the dash line is the measured data and the solid line is
the least squares fit data by the multiple exponential functions as described above. According to the
function of fitting curve in Fig. 8 we calculated that the five t values are 120.77, 208.33, 414.94,
884.96 and 1504.95 s. Method for calculating the trap densities corresponding to the PPC deca?f
constant was reported in the literatures [6-8]. The corresponding trap densities are 1.38x10Y,
1.03x10'"!, 7.90x10'°, 6.70x10"° and 5.89x10"° cm™.
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Fig. 7 Photocurrent response of CuQ films Fig. 8 Normalized decay time of CuO films
obtained from oxidation temperature ] obtained from oxidation termperature
at 500 °C. at 500 °C.
Summary

CuO thin films were obtained through oxidation of metallic Cu films deposited on glass substrates
by dc magnetron sputtering method. It is shown that the CuO single phase of monoclinic structure
was formed at oxidation temperature beyond 450 °C where amorphous phase with very small
grains, confirmed by SEM images, was obtained at oxidation temperature below 450 °C. All studied
films are p-type semiconductors with band gap of 2.17-2.83 eV. The photocurrent response of films
oxidized at 500 °C was measured by two probe using halogen lamp as a light source. The decay
current data were better fitted with the multiple exponential functions. Five slow decay times and
five trap densities values are 120.77, 208.33, 414.94, 884.96, 1504.95 s and1.38x10", 1.03x10“,
7.90x10'°, 6.70x10°, 5.89x10'® cm, respectively.
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