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'" Transparent lo~ resistivity ZnO films with a typical 
~ ê 

~thickness of.1 micron have been deposited on glass-substra~es by 

The 'zn& films were 
-
an rf magnetron sputtering' method. 

(1 

polycrystalline with a (002) preferred orientation. It was found 

that botn the electrical and optical properties of the ,films were 

affected by adding In203 or A1203 as sources of dop~nt. For the 
, ' \ r'" 

In-àoped f1lms, the resistivity of the central region wàs 
t;J 

obs~rved to decrease by ):hree orders of magni tude as In203 
., 

content increased. from 0, to 5.3 wt%. A s,imilar effect was 

observed for the A~ped films. It ~as also found that the ~ilm 

resistivity varied~ith substrate position. Fo'r the films 
p 

\) 

deposited on vertical substrates, the resistivity was lower than 

that of horizontal ones deposited under the same conditions. 

Furthermore, it was found that the resistivity of ZnO films 

deposited on the horizontal substrates varied with distance from 
l 

the target center. From Hall effect me'asurements, this 
, \) 

resistivity variation was shown to be due to a variation ot 

carrier mobilify along the substrates • 
... 1 

In the present work, thermal stability of the ZnO films in 
" 

ail was confirmed to improve h,y the doping. For the undoped Zn9 

films, the resisti vit Y increased by abput 3 orders of magnitude 
\ 

after an 'air heat trea'tment at 2500 C. 'For the heavily doped ones, 

however, the resistivity remained, essentially constant after 

similar. treatment. For tl1e films deposited on vertical 

substrates, the resistivity was found to be not as stable as the 
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f.i 1ms deposi ted on hori zontal substra tes. In addi tion, the 
, 

thermal stab~lity of ZnO films was observed, to be" ~f~e;-ted by the 

tleatment ternpe;atures. _ ~he' resi~tivity values)increased '. / 

drastically with Ume at high temperature (for example 350 0 C). 

" Thls i~crease was' b~ieved to pe ~txe to diffusion of oxygene For 

the films doped with Al or .In, the cacrier m6bility 'was ob~erved 

to "decrease during thè- air trea tment.' A decrea'se'" i~ car,rier-
_ .. ~ '1 , 

con~entration with the ~reatment time was found for the,In-doped 

films. For those dope~d with Al, 
, ' !. 
the carrier concentration . ' 

remain during the a'ir treatment.. FO~ the air 

treatment the resis.tivity of doped films- remains 
1 

cOI1stant. The present resul ts thus suggested that the doped ZnO ... 
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RESUME 

-----, " 4 
~ , C3-

Des films transparents de OZn, de faible ,ésistivité et d'épaisseur tipique 1 micron oni' 
été déposés sur des substrats en verre par pulvérisa.tion, en utili~~~~ un magnétron rf. , 

Les fil~s étaient polycrystallins, orientés préférentiellment Buivant la direction (002). li 
, , a été trouvé que l'addition des sources de dopants In20s et Al20 s influençaient à la fois lcs 

propriétés électriques et optiques des films. Pour les films dopés à' l'In, on a observé que la 
résistivité de.1a"tégion centrale diminue de fJ ordre f,e gran~eur lorsque. la, concentration au 
In20s augmente de 0 il: 5.3 Ihàsse %. Un effet simll!1ire a été observé pour les films ~opés 
à l'Al. On a aussi remarqué..que l~ r~sistivité du Jilm varie avec la. position du substrat: 
la résistivité des films déposés sur'~ des substrats verti<;aux était pluEt faible Que celle de 
ceux, déposés da.ns les mêmes conditions,. sur des substrats horizontf\ux. De plu!'!., on a 
trouvé que la résistivité des films de OZn déposés sur des substrats horizonta.ux varie ave<; 
lardistance au centre de la cible. 'Des mesures par ,effet Hall ont permis de montrer que 

Q la variation de la résistivité est due à une va.riation de la mobilité des porteurs le' long du 
substrat. 

-t. ' 

Le travail présenté ici confirme que la stabilité thermique des films de OZn s'améliore 
avec le dopage. Pour des filIDB non dopés, la résistivité augmentait d'environ 3 ordre de 
grandeur à, la suite d'un traitement thermique à. l'air, à. 250°C. En revinche, dans le cas de 
films très dopés, la résistivité restait pratiquement constante après un traitement similaire. 

1 

Quant aux films qéposés sur des substrats verticaux, on a trouvé que leur reslstivité n'cst 
pas aussi stable que celle de céux déposés sur des subst'rats horizontaux. De plus, il a 

. été obsèrvé que la st,abilité thermique des fUms de OZn 'est affectée par la températur~ de 
traitement. 

La valeur de la .résistivité augmentait dramatiquement en fonction du temps à haute 
• Ji 

température (à 350°C, par exemple). Cette augmentation est présumément due à une 
diffusion d'oxygène. Pour des films dopés à AI ou In, la ,mobilité des porteurs s'est 'avérôe 
décroltre pendant le traitement à l'air. Une âiminution de la concentration des porteurs 
en fonction de la longueur du traitement a été observée pour les films dopés à In. Pour aux 

<" 
dopés à Al, la concentration des porteurs res'tait approximativement constante pendant le 

/: 

traitement. D'-à,~tre part, dans le cas de traitement thermique à l'air à. des températures' ';; 
inférieures à 250°C, la résistivité des films dopés reste constante. 

"\;\ 
" J\,.f> 

De tel~ résultats on suggeré" la possibilité d'utiliser les films de ZnO ~OpéB 
fabrication de dispositifs photovoltaiques. 
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CHAPTER 1 INTRODUCTION 

The development of new energy resources beco)lles more and 
~ 

. " more important since the quanti ty of the curr~nt maj or energy 
L 

resources is limited. The renewable energy resources, which 
, \ 

inciud~ sunlight, ocean current, wave, wind and falling water, 

can pe advantageously used to replace of the current major energy 
'"' 

resources. For these energy resources, sunlight or solar energy 

is the most attractive'one. ~he magnitude of solar Energy falling . . 
on the earth is about 7. 45x1 07kWh annu'ally while the present 

consumption of the world is/onlY ,about O. 5x1 014 kWh annually 

[1.1]. 

The current major problem for the application of the solar 

energy is the development of a low cost procedure for high 

efficiency solar cells. These cells will be used for~the direct 

conversion of solar energy into electrici ty, which·i s very 

interesting and has been wildly studied currently. • 

, 

The photovoltaic solar cell basically is a pn junction 
~ , 

either in a homojunction or heterojunction forme At the present, 

the most attractive materials for such applications are CdTe, a-

Si and CulnSeZ. This ls due to the special optical and electrical 

properties of these materials. In our labora~ory, several 
fi· . 

projects are being carried oüt on the semicon~uctor CttInSe2' 

specificallyon low CQst thin film methods [1.2][1 .3][1.4]. Us~ng 

CuInSe2 thin fil~s, heterojunçtion solar cells pave been 
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fabricated and energy conversipn' 'efficiencies of about 12% have . 
. 

been report:ed [1 • 5 J[ 1 • 6 J. 

For çeterojuction cell fabrication, it is very important to 
, . 

find a suitable window material. The requirements of the window 

" . 
mater1aL are fiS follows: low electrica~ resistivity, small 

, 

lattice mismatch with the base material (CulnSe2)' high op1::,ical 

transmission and low cost. Window materials like CdS [1.6][1.7], 

'" ITO[1.8], ZnSe[1.9] and In203[1.10] have been widely studied for 

such applications. 

In the "'present' work, exper imen ts have been made to 

fabricate and study another interesting window ma teriai, ZnO • 

Comparing with other window materials, ZnO hal3) several 

advantages. 
~l' '" 

(1) It has a large energy gap of about 3.3 eV, therefore, most of ., 

the pho~ons in the solar spectrum càn pas_s th:ttmgh i t. .,.. 

(2) Films with low resistivity can be achieved. 

, (3) LOW cost of material. 

( 4) Not toxi~ 
'-

Thè ~emiconductor 4,nO has a direct energy gap and usually 

shows n-type conduction. For ZnO-~~stalllzed in a wurzite form, 

the ,lattice parameters are: a=1.249 R, c=5.205 1. For a cubic 

str45!ure, a=4 s 58 t The den'si ty of states of the conduction band 

.iSÇbout 1x10 18 cm- 3 • The effective mass'is 0.38 (m*/m) for 

electrons and is 1.8 (m~/m) for holes. The highest mobility 

reported for electrons in ZnO ls 190' 'cm 2v- 1 sec- 1e at room 

2 
',' 

1 



·1 

, '. 

j, 

) 

,-
1 • 

' ... 
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temperature [1.1]. 
~"- -

Low resistivi ty ZnO thin films can be achi~.ved ei ther by ) 

controlting' the stoichi~ry or ~Y introducing dopant;s. Re~ef1rch 

expetim~nts reported in 1iterature ~n ~fte preparat\.on ',of:-10'1 

resistivity ZnO films are briefiy àeshribed below~ 

Using a reacti Ve Evapora tion method, ,. ~organ and coworker 
• 

l ~ .11] described' the deposi tion of ,u,ndoped ZnO films in a vacuum ., , 
, . 

chamber containing high purity oxygen: Transparent. films with a 
1 . 

, 
room temperature res'istivity'as, low as Û.ÛO .. 14 ohm-cm and a 

carrier co,ncentration of, about 1020 cm-3 have b~en obtained. 

'Re~ul ts al;:;o have been reported by Webb and coworkers 

[1.12] [1.13] • • using a reactive sputtering method. In their 

experiments, ZnO thin films (resistivity as low as 5x10- 3 ohm-cm) 
, ' 

~ ..... : ..... ~ { ... 
wexejJdeposited on heated substrates from a high:purit1 ZnO 

target. A mixture of Ar and H2 was used as the sput tering gas 

during the! experliments to control the conductivity of the ZnO 

films. 

A low'fcost spray pyrolysis method also ha$ been used for 

the prepara t;ion of ZnO thin films. psing ·this method [1.14], 

film~ with a resistivity ,of 10-3 ohm-cm have been achieved by 
• 4 

deposi ting them on substrates at a temperature of about 400°C 

followed by a post annealing either in N2 or H2• 

Using a conventional rf sputtering method, rto and Nakazawa ~ 

[~.15] ptepared low r~sistivity ZnO thin' films (5x10- 3 ohm-cm) on 
~ . . . 

glass subst~tes. In theïr experiment.s, pure Ar was used as the 
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sputtering gas and,high purity ZnO was used ~s the target. 

Recently, Minami and coworkers [1.~§1[1,17] have produced 
, " . 

ZnO thin films wi th a' resisti vi ty' a's low as 10-:4 ohm-cm using a 
c. 

mod~fieq rf magnetron sputtering met~od. In their experiments, an 

external dc magnetic field was applied during the deposition • 

. They found that i:<he carrier mobility of the deposited ZnO films 
1 

was~ as high as 100 cm2V- 1sec-1 • They also found a positional 

effect of resistivity of the ZnO films. The resistivity o,f the 

samples deposited on substrates held perpendicular to the target 

surface was observed to be lower than that" for the films 
\ 

deposited on substrates placed parallel to the target surface. 

The above described experiments were carried out using 

) undoped ZnO materials. For the deposition of low resistivit"y ZnO 
\ 

films" ft is especially interestit:lg ta investiga te the etfect of 

doping. Minami and coworkers adopted Al (1 to 2wt%) as dopants 

and found that the' resistivity of the ZnO films can be further 

resluced [1. 1 8 J[ 1. 1 9]. However, the carrier mobility of the ZnO 

films was lower than that of the undoped ones. 
. 

',From the above brief survey of researqh experiments on the 1< 

low resistivity ZnO films, it is clear that there are stil~ 

severa! important questions remained to be answered. For e~ample,/ 

the thermal stability of the low resistivity ZnO films at 

elevated temperatures 15 not_known. The thermal stability of the 

window materials at elevate~ tempe ratures is specially important 
, 

for d~/ices applications whete a post heat treatment is peed. It 
1 
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is aiso not clear whether th~ positiona~ et~~ct observed 'for the .. 
undoped ZnO films i5 also present in the doped ones. 

• l ~ ) ~ .. 

In present work, ~n. rf. spu.t.t:ering method _has been used' to " , 
• , fit 

deposit transparent and low resis~ivity ZnO films. rri and Al- weré 

used as ,Çlopants to achieve the low electrical resistivity 

[7-1'.20 J [1 .21 ]. Efforts have b&,en made in order to answer' ~he aboya 

described questiôns. 

\ The arrangement of this thesls is as 

the principles of the \rf sputtering technjque ar~ first 
"\ (l 

introduced, the rf unit used in bur laboratory and the proced~re 

for the film deposition are then described. The measurement, 

techniques used in the present work ~~e presented in chapter 3. 

In chapter 4, the electricai and optical measurement. results 
r ~,. "'\ 

" 
obtained for the ZnO films are described in detp''il~ r{I'he thermal 

~ .~ ) ~ ~ 

stability study of the ZnO films are then discussed in chapter 5. 
o , • 

Fin~lly, in chapter 6, main conblfision~ of the preserit work are 

'gi ven. 
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CHAPTER 2 RF SPUTTERING SYSTEM AND FILM DEPQSITlqN Q ,. 

2.1 Introduction 

.. , 

As 'described in chapter 1, ~o~J ?ësi;fiVity 

# . 

can 
"" " 

be achieved o.,)ei thè~ llby cont:r6..11ing the stoichiometry ot the 

films' (without impurity) or by doping. For ~e tlndoped films, the 
" - ' 

donor~levels-ate created by excess Zn atoms 6r oxyg~n vacancies. 
'\ 

For the doped f i,l-ms, the donor levels are created by t:he addi tian 

of group three elements such as Al, In and Ga.' 

';\ , In the present wdrk, an rf magnetron sputtering m,ethod has 

been used to deposi t low resisti vi ty and transparent ZnO thin 
. 

films. During the deposition, impurities were introduced to the 
\ . 

films to red}Jce the resistiv-ity. "The deposition system and the 
, .1: 

deposition procedure are described in this chaRter • 

• 
2.2 P~inciple of Sputtering a~,~F Sputtering Syst~m 

~ 

.. 

Sputtering t~chnique is one of the most effective methods 
( ~ 

for the fabrication of good quality thin films. The principle of 

sputtering is based on 1he ~act that when a solid or liquid i~ , 
,bombarded by s'ui table high energy ions, i t i s pos sib\e for , ., 
individ~al a tom of the) target to get enough ener~ (from 

collision with the incident ions) to escap~ from the target , 

6 
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'. 
surfac, (~.1]. The simplè~~.fuethod of sputtering is the cath~de , 
sPui!.tef.~ng,,(6;-· D6 S';P\lt~~itnCJ') method. The principle of the 
'.. • l 4 lb 

• 1 ca"thQde sputtering ls as>- follows. The ma terial to be sput tered is 

used as a cathode in the sputteJing system a·nd a glow discharge 
1 

is formed in an inert gas (e.g. ,Ar) at a 'low gressure '(10-1 to 

10- 2 torr). 'The positive ions (e.g. Ar+) created from the 

discharg~ are accelerated by the potential dif~erence betwecn the 
-( 

cathode and~tA.e anode and eventually bombard the target. ~he'; 

cat~.od.e materi~l i8 removed by the bombar{lment-ând deposited on 
l 

the anode ~ substrat~s) • ''\,. ,.- l y 
The DC sputtering technique has been extensively studied 

<\.f "(.~ 
and used to spy.tter conductive matetials. However, this method 

-, 
\ 

_ can not be use..d effec~ively to sputter, nonconductive materials 

\ 

...,. 

.-

r 

.>-

b~cause a surface charging effect of t:he insula,tors. Therefore, 

insteaq of the DC sput'teri.ng 1 an r,f sputtering téchnique has to 

be used to deposit the nonconductïve mate'rials. Difrterent from 

the cathode sputtering method, thr rf power supply is referenced 
/ 

to ground and the rf power ean generate plasma ,and accelerate j 
'Il ions to the target ~o cause sputtering." 

Cqmpared with the catho~ sputter!-ng, the rf sputtering 

method has two advantages. First, the~tqrget 15 not nece~saty to 
. " 

\ be electrieally eonductive since an rf vol tage can' be eouplcd 
-.... 

thiough any kind of impedanc~. Of cour~e~ films al~o ~an be 
\ 

'sputtered from a conducting target using the rf sputtering 
" , 

capaci ti'vely 
, 

- system sinee the target is coupled to the power 

7 \ 
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,su,pply. Furt.hermore 1 the secondary electrons can obtain 

sufficient energy in the glow spaee ta cause \ an ionizing 

important 

The creation. of s§condary electrons' i s a very 
,..'~..( Ji ..' 

\' " 

concept in the rf sph't tering process ~ Electrons are 

collision. 

aecelerated away from the target sinee a negative voltage is ,. 
applied ta the target. These electrons will help to maintain the 

) <$ 

glow discharge by 

the 

ionizing the Ar atoms and when Ar ions bombard 
f. [)' 

secondary electrons will be generated in an 
-- ~ -;-

avalanche process •. On the other hand, al though electIions will 

lose part of their,energy during~the ~ollision with Ar ions, they 

will impinge the su,.bstrate exentually wi th a high enough energy \ 

and cause an increase of target temperature. 
, <1 

In order to minimize the effect of secondary electrons on 

the substrate temperature and to increase the ~onization 
\ 

ef~iciency, an ftxial magnetic ~ield can be introduced. This 

magnetic field, which i5 parallêl to thé target surface, is 

formed on top of the target and will force the secondary 

electrons to follow along a helical path. Thi~ helical trajetory " , 
1 

will give a longer path to the secondary electrons and therefore 
~ 

incrèase the probabi 1 i ty of ionization collision before these 

electrons reach the anode' and reduce their impinging speed. The 

mqgnetron also can be advantageo~sly us~d to reduce the pressure 

in the sputter ing chamber. The typica:l1 pre,ssure dur:i. ng the' .' 
." 

magnetrop sputtering process is in a range from 1 to 10 mtorr, . ... 

whicn 1s about 1 order of magnitude lower than that used in the 

f 

" , 
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De sputtering system. However, the magnetic field'also maves the 

discharg~ away from the 
... 

target centre and causes a nonuni form 

deposition. Fortunately, in a system with a low field and a small 
)' 

target, this effect will not be,very important '[2.2]. 
1 

In this study, an rf magnetroQ sputteriqg system (shown in 

Fig. 2.1) has been used ta deposit low resistivity ZnO thin 
. - '" -

films. This system includ~ Varian ~acuum unit and an rf unit. 

The vacuum unit consists of' a 12-inch glass chamber, a 4 - inch 

diffusion pump and a rotary pump. The pressure in the chamber is 
( 

measured by a thermocouple" and an ioni za tion ga uges. The 

diffusion pump wi th a cold trap and, a ther~oco..uple g~ut.2~"' 

isolated form (or connectèd to) the vacuum charnber by 'a high 

vacuum valve and a control va"l·ve. The rotary pump is isolated 
, 

from (or connected ta) the vacuum chamber by a rouglring valve. 

The rotary purnp and diffusion purnp are isolated from (or 
t 

connecte<d to) each ,other by a foreline valve. A vent valve i8 

used to let air intoathe vacuum chamber. 

, The rotary pump, can be used to pump the vacuum chamber from 
1 • 

. atmosphere to a pressure of few ten mtorrs (roughing posi tian) 

and ig·< ,also used ,..... ~, 
ta maintain a low pressure required for the 

" -'«'\1 
diffusion 

o \ 

" 1 

pump .(foreline position). The diffuslo~ pump ,is used to 
§ 

pump the vacuum chamber after the chamber has been pumped ta 

about 60 mtorr by . the rotary pump. The thermocouple gauge 1 Is 
~ 

used to detect the pr~ssure of the chamber when the pressure is 
/ 

more than 1 0 mtorr. The ioni za tian gauge is used ta detect the 

9 
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(' î7' pressure when it 15 less than 10 mtorr. The ~ thermoçouple gauge 2 

( 

( 

,.~ 

, is used to monitor the pressure of the diffusion pump. 
\ , 

there is an L-shape aluminum Inside the vacuum chamber, 
./ . 

,/' 

sample holder for the glass sub'strates. There ,is. a15B an rf gun 
, .... 

whieh is water eooled. The ZnO target 'is mounted on the top of 
".-

the rf gun. 1 

The rf gun is connected to the 500 W power supply which i5 

assoeiated with the rf generator and the rf/de converte,r (model 

No. RF5000MBJ. An rf potential, 15 form'ed between the target and 
~ 

ground whieh is used to ionize the Ar atoms and to aecele~te Ar 

ions to bomba rd the target. 

2.3 Fitm Depoiition 

Th~procedure of ZnO thln films deposit~on ineludes .ta~get 

preparation, substrate preparation and vacuum deposition. 

~; 
/}--, 

2.3.1 Target preparatjon 

.. 
Righ purity ZnO powder (59's) and high purity In203 or 

powder were weighted by ~sing a balanc~ and mixed, in a 

clean beaker for at least,~ min. The mixed powder (about 10 g) 

<1 

was pressed by using a smaii hammer lnto an aluminum holder 

(diameter 4.7 cm) to 'form a target. lhe target was then mounted -) 

tl 



l on the 'top of the rf gun. In order to study the, ef fect of doping 

concentration, ZnO targets containing 0.5, 2, ~ and 5.3wt% In203' 

were prepared for the deposition of ZnO thin films. 

2.3.2 Subst~ate preparation 

Pre-cleaned microscope glass slides from Fisher Scientific 

wi th an area of iSx25 mm 2 were used as substrates which ware 

mounted on the,L shape A~ sample h\lder. In order to study 

effects qf the substrate position on the properties of ZnO films, 

glass substrates were placed either perpendicular or parallel to .. 
. ,.... the target surface (as shown in Fig. 2.1). The àistance between 

the target and the horizontal substr~te and the lower edge of the 

vertical substrate is about 4 cm. 

" 

2.3.3 Deposition procedure 

t \>. 

After the subs,trates and the target were mounted into the 

vacuum chamber, the roughing- valve was o~ened and' th~ chamber was 

pumped by the rotary pump. When the chamber pressure reached a 

value below 
! . 

b~ing valve 

60 mtorr, the roughing valve was closed and the 
.." . 

was opened. Following this, .the high va~uuf)1 valve 

w~s V1> 
opened and the chamber was pumped by the diffusion pUffip. The 

~ ~ 
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1 • 

4r final pressure of the chamber would reach 10-6 torr range after a 

"'-

( 

: 

.' /. 

period of about 2 hours. 
. . 
When the pressure of the chamber was pumped down to about 

. 
10- 6 torr, high purity Ar gas was then .introduced into the 

" chamber by ope~1ng a needle valve. Th~ valve was maintaine4 at a .. \ -

fixed position to keep the chamler pressure at about 20 mtorr for 

1 min. The valve was then) clos~d and the pressure of the chamber 

quiickly returned to the hig,h vacuum leyel •. This process was 

repeated again to ~ifimize the content of air in the copper tube 

connecting the vacuum charnber and the gas cylin~r. 

The rf power suppl y and the rf generator were turned on and 

a period of about" 3 min. was allowed to warm up t~~, .fil;rent of 

the rf tube. When the rf tube was ready, the pres'Su-r--e of the 
" J ~ 

vacuum was then increas~d ta about 10 mtorr by opening the needle 

valve and the rf power turned on to initiate the plasma •. After 

this, the cham ber "'pressure was controlled ta a predetermined 
II, 

value (e.g. 5 mtorr). 

During the sputtering process, the incident rf power was 

controlled to 60 W and the typical deposition time w~, about 2 J 

hr. The S:bst~te temperature, ~hich is believe~ to be ~mportant 

in determini,{g the film quality, increases to abou,t 1 DOoe when 
-- L 

incident power is fixêd at 85 W [1.171. Therefore, after each 30 
t " 

rni~. of sputtering, the deposition was stopped for 10 min. to let I~l 

the substrate cool. 
o 

" After the complete deposition, the rf power was turned off 

• .J 
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-

\.,.. 
and the substrates were allowed to cool for at leas~ 15 min. 

before removifllg them' from the chambe'r. The samples were then 

numbere) and kept in a plastic bOX and th~y were reùdy for 

testingo! 

To minimize the. influence of the target surface composition 

(which was changing with time) duriI}g the deposition, a sma+l 

amount of target raw material was introduced to the surface and 

was pressed again to form a new' target surface 

consecutive deposition runs (total time of 10 hr.) . 

. \-

2.4 Conclusions 

after 5~ 

Thin films of .ZnO have been 'deposited by using thè· rf 
'" 

magnetron sputtering method. The rf magnetron sputtering method 
.." 

is a commercially accepted technique for the dépositiol'). of thin 

films especially from nonconductive targets. Tnis is because the 
l> 

relatively low substrate heating, high depositioh rate, large 
a • 

area coverage, and low deposition induced damage in the grown 
"-

films. Using this method, the film thickness can ,be controlled , 

easily and relatively accurately . 

• In this project, in ord~r to obtain low. resistivi ty ZnO 

thin films, we~ghted amounts of In203 and A1 20 3 were intr~duced 

into ZnO targets. The typical deposition conditions are as 

follows:' Initial chamber pressure 10- 6 torr; pressure during 

.. 
1 
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deposi tion 5 ,mtorr i weight of the target material 10 g; distance 

between the target and pubstrates 4 cm; incident rf power 60 Wi' 

deposition time 120 min. In the present work, the glass 
• 

" substrates were placed either parallel or perpendicular to the 

target surface to investigate how the th~ properties of the films 

were affeçted by the position of the substrates. In order to 
J 

study the effects of doping concentration, targets wi th 

different In203 contents were also used to deposit the ZnO films. 

" ,. 
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( CHAPTER 3 FILM CHARACTERIZATION 

, 
3.1 Introduction .. 

() --

There are several importa;nt parameters for the 

char.acterization of thin film materials, such as: thickness, 

compositional uniformity, crystal structure, optical transmission ~. 

values, electrical resistivity, concentration and mobility of 

c~rge carriers. In order to obtain these parameters for the 

~ deposited ZnO films, several measurements have been carried out. 

First of aIL, film thipkness was measured by an optical m~thod. 

Crystalline quality Of\ the ZnO films was examined by an X-ray 
'\\ '\ 

"diffraction technique. op'tical transmission characteristics of .. 
the films weie also obtained by using a monochromator • 

Resistivity of the ·films was measured using. a conventional four 

• point probe unie. Carrier concentration and mobility were finally 

determined by the Van der pauw method. 

In th).1 chapter, t1ie principles 

measurement~ will be described first. The experimental procedure 

and the equipment of the 

'" 
wi11-then be introduced. 

1 

3.2 Thickne,ss Measurements 

16 
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V The thickness of the th'in f i Im~ i s a very importan t 
, 

parameter and must be determined before the determination of 

other physical F'arameters. In this project, a ve,ry simple optical 
, " 

method has been used to deter~ine the thickness of the ZnO films. 

The principle of the, optical method is based on ..!) 

interference of light in the thin films .. Wh en visible light wi th 
o 

a wavelength from 4000 ta 8000 A is incident on the surface of a , 
~ 

film,' int~raction of two or more,rays causes the intensity of the 
\ . 

light to increase or to decrease in a specifie direction [3.1]. 

~ 
As shown tn Fig. 3.1 r when an incident light reaches the 

top surface of the thin film, it will be partially ref~ected ~nd 

partially refracted. When the refracted light reaches the bot tom 

" __ surface~ it is partially reflected to the top surface and is 

! 

refracted again. For a transparent material, the intensity of the 
~' ~. 

reflected light usually is much lower than the refracted light. 

Therefore, i~ i8 sufficient to consider only the interference of 
-; 

the fir5t two reflected rays. 

The difference in the opttcal path of the interacting light 

beams is: 

2t*n 2t*t D* i = cosS- an~ s na ( 3 • 1 ) 

Here ln i5 the refractive index of tpe film, and n'::sina/sinS ' 

1 
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( 

, 
'" 

l11 2t sina ">t*t Q* i . 2t* * B = cos$iI"ii'a-" anJ.) s, na = n cos = (3.2) 

Since the phase of the 1ight ref1ected from the top surface 

will, c!lange by 'Ir, 

«3.3) 
'. 

~ '" when 81ef=2KÀ/2 or 81= (2K+1 ) À/2, the mèlximum interference will 
) 

occur. 

By knowing K, À , a and n, the thickness t can be. obtained. 
4 

RÀ, 1 2 2 
t =-r/,/n ~sin Cl r (3",4) 

here K ls number of maximum interferencel 
i<. ~, 

For the ZnO thin films, the methoo described above was ~sed 

ta determine 'the thickness. During the measurements, the samples 

" , were placed under white light or a microscope i1luminator and the 

. " 

number of interference rings was counted. Usually, 
~ 

red \ 

4 • 
interference rings wer~r chosen for the, calcula t~on because they 

\j 
ca!1 be clearly seen under white Iight. The wavelength of 'red . 

o 
light 15 about 7000 A. Therefore, from eq. 3.4, èach red ring 

represents a thickn~p increase of about 0.2 micr~ 

. The film thickness aiso has been mea~ured by using a Dektak 

surface profiler (Sloan Technology Corp.) to confirm the optical 

results. Duri~g the sputtering, ~m: of the ~ms. wer:'prepa~ed 

18 
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50 that part of, the substrate was covéred by another ~ piece of 
ID 

glass. When the sm~ll ~eedle in the Dektak surface profiler wa~ 
\ ~' 

il, • ,.-1 
scanned cross the step, the height of the step was ècnverted into ...... , 

,,\/\ il 
'.' 'v-an electrical signal and was recorded by an X-y recorder. 

For the films wi th· a thicknes's less than 0.2 micron, i t -i s 
impossible to use the optical method to determ,ine the thickness 

and the IDe k ta k sur f ace pro fil e r ha s t 0 b eus e d i n sUa d • 
\\~ , 

i' • 

GenerallY-t for the ZnO films ,wi th a thickness grea tèt than 0.5 
~ , . 

micron, the optical method can be ~lOyed 

thickness of the films. 

3.3 X-ray Diffraction 

, '" 
to estima te the 

.. 
) 

j ( 

./ 

, 

X-ray diffractjon technique i~.an effective ~eth~' 
- / """'" 

ta 

determine the crystalline structure of a fi lm. It is a 
----

nondestructive and noncantact process which gives the information 

about the presence of pha~es, film thickness and grain size 

[3.')[3.2]. The schematie diagram af an X-ray diffraetometer is 

The X-ray diffractometer consists of a g~meter, to rotate 

shown in Fig. 3.2. 

the sample, an_X-ray tube to-produce radiati9n and a counter to 
1 

detect the radiation spectrum emitted by. the sample and to 
r: .. ::"'> 

transform into a pulse spectrum. After amplification, the pulse) 

spectrum can p-e converted into a graphie record of intensi ty 

\ 
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t .. 

ang1.e by using an X-Y recorder • 
.( 

The fundamental eg~ation for the maximum diffraction is the 

Bragg' s law. 

2dhk1 *sin0 =nÀ ( 3.5) 

fi ~ ~ 
Where n 15 an integer, À, ls the wq.vele~th of the, incident y. 

l 

X-J:ay, dhk1 is the spacing between the crys~a,l planes ~nd a i5 

the incident angle. Th~ scattered waves interfere with each other 

and the maximum inten~ity ls achieved when the Bragg condition is 
~ . 

1 (.... • 

satisfied. From the diffraction pattern, the incident ~ngles a at 

peak positions can be obtained an~ t~e co~responding d Jalues can 
J 

be~calculated from the equation. From the ASTM data, the crystal 

structure of the film can then be de~trnined. 

~n X-ray diffractometer (Simens) was used. Expe~imentally, 

" " the 9 las5 slide wi th ZnO film on i t was fi,rst cut into pieces 

with a size of 2x2.5 cm2 • The sample was then mounted onto a 
1 

glass sample holder using vacuum greaseo ~he sample holder with 

the the sample was then a t tacked to the gonoimeter. The 

diffracti9n data were collected in a 29 range between 5° and 90°. 

, 
3.4 Optical Transmission Measurements 

• , 
In ,order to determine the transmission value of the ZnO 

f' 

r 
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'" . .C- .... 
() 

~~ 
~. 

~ J <1( .. 
,. 

thin fil~ optical mea~urement system (see Fig. 3.3) 
1 

an was 

used. It consi:\ of a B:crman monochromator (model 2400) with a 

wavelength range f(om 0.4 to 2.0 microns, an Oriel tungsten lamp 

sour.ce (model ~325)} ,~~~e .wave~ngth o~ the output' wa: sclected by 

adjusting ..,the" positio~""of a prism in the ,~onochromator.. ~ 

Du ring 
~ 

mono chroma tor 

'-.,. , 
the measurements, the slit ~idth Qf the 

was maintained at 1,.5 mm. A Uni ted Detector Si 

detector (modèl 6-PIN) was "sed for t~e intensity measurements • 
• . ; 

The short circuit curreut of the .. detector~nder illumination was 
1 

measuced using a Keithley (model 480) picoammeter • .,.. 
, 

The meillsurement was carr'ied out as follows, the 

J 

4 
monochromator output was first set' at a certain wavelength and l, 

..:l 

the light through a bare glass slide was measured using the Si 

detector. The same measurement was then done by replacing the 

bare glass slide with a ZnO-coated glass slide. The transmission 

coeff:i!cient of the ZnO -f ilm a t this wavelength wa's obtained by 

taking the ratio of these two intensity value. The experimcn~ 
J 

,~ were carried out .in a wavelength range from 0.38 to 0.8 micron, 
, .. 

It is important to mention tha t, the reflEfétion façtor was 

considered for the experime~ts in this project. 

\ 
.. 

3.5 Electrical Resistivity Measurements 

" 

not 
~ 

Fo~room temperature resistivity measureme~ts, a four-point 
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, , 
~robe technique is conveniently"used (3.3]., A schematic diagram 

\ .of the four point probe use in our laborat6ry ls shown -in' Fig. 

3.4. The four probes are equally, space~and adjusted to the sam~ 

·level.~ A small cu~rent supplied by r a de power supply ls passed 

through the two outer ':'.prol:),es and the voltage developed between 
'j , -

the two inner probes is measured. The resistivity can be obtained 
~ ( 

by substituting the thickness ~'lnto the following equation, 
( 

P =V /IWCF ohm-cm (3 ~ 6) 

here CF ls the correct+on factor. (when d»s, CF=4.54.) " 

The ZnO films were first pla~ed on the plate of the four-

point probe uni t, the probes thEm were pressed onto the f ilms. 

Two HP multimeters (modèl 3468~ and 3478A) were used t~ measure· 
, 

the voltage across the two inner probes and the current through 

the ,two outer probes.;-of the four-point probe unit. 

\ 
3.6 'Halx Effect Measurements 

l . 

Hall ef f ect measuremen ts can provide 11lf orma, '1\1 ons on 

cagier concentration and mobility which are import'élnt parameters 
f. 1 

of a semiconductot, [3.4]'. When the sample wi th an electrical 
/ ~ . 

current Ix flowing in x direction, 15 placed in a magnetic field,. 

HZ which is perpendicular to the 
~ 

current {dire,ction, a Lorentz 

22 
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-li 

l 

-

c' 

force will subject to the carriers in the direct~n normal to the 

current and magnetic field plane. If we assume the semiconductor 

is n type, the field crea ted by the Lorentz force can be 

;/! '$F.px:ess,ed as 
:. ;:"A t~-~~" .... • '"1 \, 

w '1 r • 

1~~: ~r, .~. 

t' 

The 

(3.7) 

.. . .. 
1· . 

"Hall coefficient and the carrier, concentration are 
'\ 

related to each other and are g'iv:'en by the following expressions. 

( 3.8 ) 

By, knowing the electrical field, the current density and 

1 

...,. the magnetic field, the Hall coefficient and the carz:ier 

-concentration can be obtained. 

The carrier mobili ty of the samples also ·Jèan be obtained 

from the Hall effect measurements, 

U RH/ P 
(3.9) 

= J. \. 

Here is the resistivity of the sample. 

For thin film measurements, the most effective method was \ 

the one developed by Van Der Pauw [3.5][ 3.6]. The Van Dcr Pauw 

method can be described as following • 
• c 
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1 
) 

Four point contacts ~, n, p and 0) are made on the edge of 

the hole-fre~ films (see Fig. 3.5). If a currept is applied 

through contacts m and n and the voltage between contacts p and 0 

A 

iB measured, the resistance associated with Vpo and Imn is given 

by 

'\, 

R;~'Op=(~-~o)/Imn (3.10) 
.. 

Similarly, if a current is applied through the contacts n 
0 

and 0, and the volta<;re between contaqts p and m is meas~red, then 
j 

r-

the resistance associated with these two quantities ts given by 

(3.11) 
0" 

, 
Resistivity of the film can then be obtained by using ,the 

following equation. 

(R +R ) 
P 

_ nd mn,op no,pm F 
-~ 2 - (3.12) " 

"-.. 
where d ~s the "thijmeSS of t,he film, the 

of Rmn,op/Rno,pm [~~5J (see F1g. 3.6). 

factor F 15 a function 

..., 
• 

For Hall coeff icient measur~ments, a current is applied 

through the contacts m and 0, and a potential across the contacts 

~ and n i5 mea5ured. The resistance Rmo,np can be obtained 

'" 
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(3.13) 

the same measl,lrement: is repeated utft}.er a uniform magnetic field 

whicli?is . applied normal to the s:~ace of the sample
r

: The .. 
resistance R'mo,np in the magnetic field is obtained. 

It can be shown that the Hall coefficient i5 proportional , 
~r~ 

to the difference of the resistance., 

R d. (R" R H =~ mo,np- mo,np) . / (3.14) 

In our laboratory, a magnet with a magnetic field of-about 
;J 

8 KGauss was used. The sample current and voltage were measur.ed 

by using the two HP multimeters described before. 

switch box was also used to change the contacts to obtain aIl of 

the currents and voltages. 
l , 

For the Hall effect measurements, the glass '-slides wi,th thè 

ZnO films were\first cut into small pieees with a typlcal siz~ of 
~2 ' 

2x2.5 cm. Through an Al foi l mask, four triangular Al areas 
t> 

o 

were evaporated on the films to form ohmic contacts (as shown in 

Fig. 3.7). After the Al evaporation, a layer of wood'~ metal was 

,evaporated through the same mask by using an Mo boat. The ,samples 

were then ready for soldering and measurements. 

A ZnO film was then selected and mounted on a sample hold€r 
1 

and the. four ~ontacts were earefully se>ldered wi th( four f ire Cu 
'1 1 . 

wires attached toI th\ sample holder .... The measurements were 

.\ 
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(: carried, out as following. First., the resisti vi ty' of the sample 

was measured by passing a current through tW? adjacent contacts 

(~. g. a and b) and measuring the potential across another two 
~. ( ~ 

contacts(c ~nd dl. 
. 

Four measurements were made and the 
, .\ 

resistivit~ value for each set was calculated usihg equation 
-

3.1.0. The ynal value. for resisti v~ ty was obtained by taking the 

average of the four values. After that, the sample was put into 
1 ( , 

the magne tic (ie~d. A current was passed thr~Ugh the two contacts 

located at th two opposite corners (e.g. a-and c), the potential 

~ \ 

difference was measured from another two contacts (b and d). The 

sample was then moved out from the magnetic field and the same -( 

measurement was repeated under zero field condition. From the 

difference of the two resistance values (one with magnetic field 
(' J 

and the other without), the t Hal1 coefficient was obtained. FOlf 

the Hall coefficient determination, again, two sets of 
C' 

measurement were made for each.sample and the ~verage value was 
J 

taken. 

In order to obtained reliable results, several requirements , 

for the Hall effect measurements using the Van der 'Pouw method 

must be satisfied. (1) The contacts must be very small; (2) the 

contacts are located at the periphery of the films and (3) the 

fil m th i c k n es sis uni f.o r man d f r e e 0 f ho l e [3. 5 1 • In 0 ur 

experiments, the act~ve area of the films ~as isolated from other 

ynwanted region by scratching the films. This was do ne also to 

make sure that the contacts were sufficiently small and located 

, r~" , 
26 
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!~ 

at the edge of the active area (see Fig. 3.7). Since the 
~:1 

thickness of our, ZnO films was not very uniform, The thlckness of 
\ . 

the cenbral region was used for the subsequent calculation. 

For most' of the ZnO' samples, the measurements were carried 

out by using of the two,. H~ mul timeters and the readin~s were 

recorded manually. In the final stage of the e~peiiments, a Umac 

1 ""~ ... 

5000 analogue computer connected to an IBM PC was used to measure 

the current and the vof~age values. The constant current required 

for the measurements was also sent by the Umac. AI-l the 

calculations were done ~Y the Umac computer and the results were 

printed by using <:a EPSON 800 printer. 

u~ing the ,~easurément method described above, the 
, . 

properties of the ZnO films were studied and the results will be 

presented in n~xt chapter~. 

J 
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CHAPTER 4 PROPERTIES OF AS-DEPOSITED ZnO FILMS 

4.1 Introduction 

J~ 

JI 

For photovol taie a~Plica tions, 1 t 1s necessary to have a 

window materi~l with low resistivity and high optica1 

transmission values. The~~leetrieal and optical properties of the 
, v 

ZnO'thin films containing In and Al f prepared using the technique 

described in chapter 2, will be presented' in this· chapj:e~. \ 

Results on the film thicknesses and the crystalline quality will 

first be described. Following ,·that, results -bJ:"optic~1 and 

electrical measurements on the ZnO thin fill'(ls with different 
1 

doping concentrations will be presented. For the horizontal 

sarnples, a pç>si tional effect on resisti vi ty wi Il be specially 

described. Finally, resul'ts of Hall effect measufements of the 

doped ZnO films will be discussed. 

, 

4.2 Thickness Measurement 

The thickness of the ZnO thin films was measured by the 
• 

optical method described in section 3.2. The results for four In- ~ 

aoped sarnples are sho,wn in Fi~. 4.1, where it ls cl~arl~, seen 

that the films are not uniform along the substrates. In the 
~~ 1J 
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central region, the thickness is much greater than that in the 

0lltside area. This eff~v1s)peciallY pronounced for the two 

samples deposited ~~Ori~tal substrates. For the 'samples 

deposited on verticaJsub'strates (depositiop time 6 hr.), the 
( 

thickness and i ts \>4- ' VarlaLl.On are '~Jen to be small. The 
Ob 1 

( / 

thicknel?s measurements were also carried out on Al-doped ZnO 

films and the r_~sults are shown in Fig. 4.2. Again, it is 

that the thickness values 

L larger 'than tha t for the 

, 

for the two horizontal samples 

vert i cal ones. Furthermore, 

same 

tfn 
se,en 

are 

the 

thickness variation for the horizontal samples is larger than 
f~ 

tJ:lat for the vertical ones. [n' order to èCmf irm the thickness 

resul ts described above, measurements were also carried out by 
. 

using a Dektak surface profiler. It was found that the vafues 
<j 

obtained from' the optical measurements are consistent wi th tha t 
( - 1 

using the Dektak sur~ace profiler. { 
" 

It 15 thus conf irmed that, for the rf sputtered ZnO thin 

films on horizontal substrates, the thickness of the central 

.,. region is much larger than the outer region. This thickness 

variation i5 due ~he small size of the target used in our 

laboratory (diameter of the target is 4..:.z cm) • 
~r t.. 

"-
,;1> 

4.3 Crystal Structure of ZnO film'g 
.... 

, 
In order to determi ne the crystalline quali ty' of the 

, / 

, r \ l 36 
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deposi ted ZnO films, several samples were examined by X-:tay ~ 

di ffraction. The résul ts. for three ZnO samples doped wi tr 2 w,t% 

In are shown in Fig. 4.3. curves(.{·~) and (b) were obtained for 
\ . 

two 3amples cut from different parts of a horizontal substrate. 
, 

Curve C (c) 

IcomparÛle 

was obtained for a vertical one with a thickness, 

to that for sample (b), There are two diffraction 

peaks for each sample. The relative. intensity of the one at 29 of 

about 350 is much greater than that of the one at about 70°. This 

lntensity effect has been found for ~ll of the~samples 
. 

investiga ted. By comparing wi th ASTM da ta, the 'ZnO fi 1ms 
. 

deposited using the 'rf magnetron sputtering method in our' 

\laboratory were confirmed to be polycrystalline with a wurtzite 

structure. Furthermore, the filf[r was f~ to have a (002) 

preferred orientation. These results are consistent with that 

reported by other researchers [4.1 J • 

In Fig. 4.3, an intensity difference is also seen for the 
D •• 

two samples obtained from two different regions of the horizontal 

substrate. The height of the diffraction peaks for the samples 

selected from" the central region i8 greater than "the outer 

samples. This difference is believed to be due mainly to the 

difference in thicknesses. For aIl of the vertical samples 

examined, the positions of the peaks were observed to be~the same 

as the ones, for the horizontal samples. These X-ray results thus 

suggested that the preferred growth orientation of the ZnO films 

on substrates without an intentional -heating lS essentia11y 
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independent of the substrate orientation. !t i5 worthwhile to 

emphasize that the thickness of the vertical sample (c) 1s 

approximately the same as that for the horizontal sample (b). The 
\. 1 

height of the diffractionvpeaks for (c) is greater than that for 
r 

(b). Therefore, the crystalline quality of the vertical samples 
" 

i8 8uperior to the horizontal one. 

In order to determine the effect of indium in ZnO films, 

'several horizontal <lsamples with different In concentrations were 

~also exam~ned by the X-ray diffraction. For each selected ,sample, 

the lattice constant obtained from the main diffraction peak was 

used ~o deduce the incrementai lattice constant which is plotted 
, 

as a function of In concentration in Fig. 4.4. One' can clearly 
r 

see that the incremental latt.i'ce constan-ilCincreases .with the 
([ 

fI:J ' increase of In concentratiol1. This effect is~)believed to be due' 

1# . ~ 

to the ~rge atomic weight of indium atoms added. 

4/.4 Optical transmission 

Fig. 4.5 shows the optical transmission coefficient versus 

wavelength for a ZnO thin film doped w'l th 2 wt% In and wi th a 

il thickness pf ali:>out micron. It is seen that the transmission 

values increase as the wave,length is increased from 0.4 micron 

and reach 90% at about 0.5 ~icron wavelength. When the waveleBgth 

is increasea further from 0.5 to O.aJl.micron, the transmission 
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o r values remain '~ssentially constant. For the ZnO films with higher 

In concentrations, the'optical transmission values are different. 

Fig. 4.6 shows the results for a sample with 2 wt% In and a 

sample with 5.3 wt% In. One can see that the cutoff wavelength 

for the sample with 5.3 wt% In is greater tha~ that for the one 

with 2 wt% In. 'Furthermore, the transmission values in '·{he ~range 
"Il-

'from 0.5 to 0.8 micron are only about 80% for the sample ~ith 5.3 

wt% In. This transmission difference could be due to art increased 

,free carrier absorption in the heaviIy doped ZnO fi~lm [4.2]. The 

opticai transmission character istics of AI-doped ZnO thin films 
'Q 

were aiso measured and the resui ts were \found -to be simi lar to 

the In-doped ones. 

4.5 Resisti vi ty. 

As it was mentioned in chapter 1, for photovoltaic 

applications, low resistivity window materials are required. For 

\ 

the ZnO films, the required low ,resistivity can be achieved . 

either by controlling the stoichiometry or by introducing 

impurities. In this section, effects of doping on the electrical 

resistivity, will first be described. A positional effect of 

resistiv~ty found in the present work will then be introduced. , -
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4.5.1 Doping Effec~ 

'" 

In order to study the doping effect in ZnO, films with 
''0 

different In concentrations were examined by the four point probe 

meo&.od described in section' 3.4. The films used were deposi ted . 

under the f ixed condi tions and the central areas of the sam~les 

were selected for the measurements. In Fig. 4.7, the reeistivi ty , 

of the In-doped ZnO thin films (deposited on horizontal 

substrates) is plotted versus the In concentration i? the target. 
~ / . ~ 

Here we can see tha t the resi5ti vi ty values of, the undoped ZnO 

films are relatively high. As the In concentration 15 increased 

to 0.5 wt%, the resistivi ty decreases ta a value of about 0.5 

ohm-cm. When the In concentrat:;ion is increased further to 5.3 
,.(!, 

wt%, the resistivity decreases by about 2 orders of magnitude. 

The overall resistivity decreâse thus amounts to about 3 orders 

0f magnitude. Therefore, it is very clear that In ls an effective 

dopant for the ZnO thin films. For the deposited horizontal ZnO 
, 0 

films with In, the lowest room tempera ture resisti vi ty observed 

was 2.65xl0- 3 ohm~cm. A similar doping effect was also observed 

for the ZnO f il~S contain~ng Al. 'For the Al-daped films, the 

resistivity was found to-reduce by about 3 orders of magnitude 

when 2 wt% Al was introduce~ into the ZnO target • 
.; 

" 

4.5.2 Position Effect 

;1. 
/ , \ 

'.\ 
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, As described in section 4.~, thickness of the ZnO films was 

dependent on the position of the substrates. Therefore, it was 

important and 'interesting to investigate the variation of 

resistivity wlth position, especially for horizontal samples. For 
• 

the horizontal samples, the res~tivity ~s found to vary greatly 

wi th the substrate position. This effect is shown in Fig. 4.8, 

where r the resistivi.l~ of three samples doped with 2 wt% In is 
~ 

plotted. versus distance from the- substrate center. The 

resistivity values of these three samples are relatively high in 

the central r~gion and are low in' the outer region. 'rhe 

resistivity ratio of the two regions is as hiph as 2-) orders of 

magnitude. Therefore, for low resistivity Z~ film deposttion, 

the substrate mu~t be located in the region about 2, cm from the 

target center. 

This positional effect on resistivity can be understood~ as 
\ 

follows. In the central region, the implnging particles have ~0 

large vertical~mementum component to the ~ubstrate. In the outer 
~ t 1 • 

region, the substrate is not inside the main area ~f direct 

proj ection of the target. Therefore,' the vertical momentum 

component is smaller than that in the central region ~o that the a 
1 

microscopie quality varies with the distance. The varia tion of 

the~ quality re!:i1-llts in the v"ariation of resist!'livity wi th the 

distance. These resul ts are similar to the resul ts reported by " 

other researchers [1.17]. 

For the vertical ZnO films with 2 wt% In, resistivity was 

\ 

\ 
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Er' also measured versus the distance from the center and the results 

,<', 

for three sampI es are shown in Fig. 4.9." In this figure, it is 

seen that the values for two of the samples are essentially 
(' 

constant in the ~ntire region •. For the other sample, the 

resistivity increases by a factor of 5 with the distance. The ... 

lowest resistivity value is seen to be about 2x10- 3 ohm-cm •. It is 
, 

interesting to note that, although the vertical films are thinner 

than the horizontal ones, the resistivity values of the vertical 
t 

film~ are generally Iower. The lowest resistivity value was 

obtained on a vertical sample wi th 2' wt% In (room temperatut'e 

value was 
1 1 

Znb films 

3x10- 4 ohm-;:cm). Resistivity measurements of Al-doped 
) ~ 

were also made by,;thè four point prone method. Very 

similàr results were found for the horizontal samples (shown in 

Fig. 4.10). In Fig. '4.10, the re'sisti vi ty values in the central 

region of the substrates are seen to be lower than the outer 

region and the resistivity difference is aboùt 2 orders of 

magnitude. 

4.6 Hall"Effect 

Although the four-point probe method is simple in yielding 

resistivity results, however, carrier concentration a~d mobility 
.$ 

values can not be deduced. In order to obtained concentration and 

mobility information, the ZnO films have been examined by using 

" 
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th~ Van der Pauw method described before and the resul ts are 

presented in this section. 

4.6.1 Doping Effect 

~" For the Van der; Pauw measurements, sa"1ples wi th di fferent ""'\.. 

In contents were selected from substrates located at about 3 cm . .. 
from the target center rluring the deposition. Resistivity results 

" Il 

obtained on these samples are shown in Fig. 4.11. In this figure, 

we can see that the resistivity is essentially~constant when the 

In concentration is increased from 0 to 0.5 wt%. And the 

resistivity decreases when the In concentration is further 

increased from 0.5 to 5.3 wt%. Frdm'the result~, it is clear that 
o 

the resistivity of the films is dominated by the positionai 

effect when In concentration is- sÎnall. Effect o'~ doping becorncs 

more impo,,::tant .pnly when In concentra tion exceeds 0.5 wt%. 

Carrier concentration values were aiso obtained on the se s~~ples 

and the results are given in Fig. 4.12. Here, the" variation of 

carrier concentration with the In concentration in the target ls 

obvious. The carrier concentration increases by one order of 
,!'", 

magni tude as the In concentration is increased ftom 0 to 2 wt%. 

.: 

However, wh en the In concentration is further increased from 2 to ) 

5.3 wt%, the carrier concentration rernains roughly constant. 

The carrier mobility of these ZnO films versus In content 

is sho\Yn in 'Fig. 4.13. The mobility values are relatively high \ 

43 .... 



( 
tf 

for both the undoped films and those with 0.5 wt% In. The value 

de"Creases and remains roughly constant for the films with a In 

'---'" concentration from 2 ta 5.3 wt% • 

.. For Al-doped ZnO films, results of resistivity were also 

obtained by the Van der Pauw measurements. The resul ts showed 

that the mobility values of the Al-doped films were closed to 

that of the In doped ones. From the present Hall effect results, 

the following 
'J 

conclusions are therefore obtained. (1 ) For the 
, 

doping levels used in the present work (0 to 5.3 wt%), the 

~~resistivity ~ ZnO thin films is decreased by the addition of \In 

and Al. (2) The car~'ièr concentration of the films increases when 

the In concentration is increased~ (3) The mobility decreases by 

a factor of 5 as the In concentfàiion is increased from 0 tô 2 

wt%. The concentration increase with doping is believed to be due 
, 

to the substi tution of Zn atoms by group 3 elements (In or Al) 
~.J . 

which crea te qonor levels. For the undoped 'films, the ex cess Zn 

atoms contribute to free electrons, while for the doped samples, 
o 

the increased carrier concentration appears to be due to the 

combination of these two effects. Although the carrier 
, 

• 1 
concentration ~ncreases as the doping concentration i5 increased, , 

however, the mobility of the ZnO films is reduced by the presence 

of impurities. 

, . 

4.6.2. Position Effect 
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The In- and Al-doped (2 wt%) ZnO thin films deposited on 
.. 

the horizonta~ substrates were also studied by the Van der Pauw 
\ 

method. Several films were selected ana six spmples were cut from 
, 

each film/fRr the measurements. 

~The results obtained for two different substrates are shown 
~ 

~ 

in Fig. 4.14. Here, it,'/is seen that the results are roughly 

consistent with the results obtained from the four-point probe 
/' 

measurements described in section 4.5. In the central region, the 

resistivity values are relatively high and the values are low in 

the region aW,ay from the center. In Fig: 
o 

4.14, an increase of 

resistivîty is also '. seen in the region beyond x=3 cm, p08sibly 

due to a small sample thickness in this area (less than 0.2 

micron) • 

. T~e mobility of the ZnO films was also found to vary with 

the distance from the center (shpwn in Fig. 4.15). In the cen,tral 

region, low mobility values are resulted due te the high vertical 

" impinging momentum of ZnO molecules or atoms. InÇ\he region of 2 

to 4 c~from the center, the mobility i8 relatively high. In the 

region beyond x=4 cm, the thickness is small and the mobility is 

also small [3.1]. ~') 
l '-:1 

The carrier concentration of the" ZnO films was found 10 
" .... 

remain roughly cons tant "wi th the distance (see Fig. .16). It'~iS 

also 'noted that the concentration i5 greater than 10 20 cm- 3 

throughout the films. 
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Fro~ the results described above, it i5 clear that the 

variation of, resistivity with distance in the doped ZnO films is 

,mainly du/e' t~o the mobility var,-iation. For these films, the 
1 

carrier concentrat~n remained rough'ly constant through out the 

whole substrate. This mobility variation was believed to be due 
(', 

• 1 
to the difference of the vertical momentum for' the impinging 

\ 

mocl:ecules or atoms. In the central region, the impinging 
l 

molecules or atCms have a high perpendicular momentum and 

resul ted in a large defect densi ty in the films. t Therefore, tpe 

mobility was reiatively Iow. In the outer region, the '{~pingi~ 

molecules or atoms 'hi t the substra te wi th a rela ti vely smaii 

perpendicular momentum and formed films with better crystalline 

quality. 
-It 

( 

4.7 Conclusions 

\ 
By using the rf magnetron sputtering technique, good 

quali ty ZnO thin f llms have been obtained on both vertical and 

horizontal glass s':,lbstrates. For the fi~s deposited on thqe 

,horizontal glass substrates, the thickness .hried wi th distance 

from the substrate center. In the central region, the typi,cal 

thickness was about 1.5 microns. The thickness was about 1 micron 

in the low resistivity region. The largest thickness was about 4 

microns foi a film deposited for a period of 7 hr. For the~ 
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. 
veZit:ical samples, the thickness was relatively smaller than the 

horizontal ones. Furthermore, the thickness values obtained from 

th~ optical measurements were found to be consistent with those 

obtained by using the Dektak surfac~ profiler. '~ 

The X-ray resultsl indicated that ZnO films deposited both 

on the vertical and horizontal suiJstrates were polycrystalline 
/ ' 

wi th a wurzi te structure. The {wo characteri stic peaks observed 
J , 

in the range 28<80 0 indicated chat the ZnO films have a (002) 

preferred orientati-on. The optical transmission values of ZnO 
Q 

thin films were up to about 90% in the visible wavelength range 
't-

-
with a c·'t-off value at about 0.39 micron. This cut 'off 

wavelength value was roughly consistent with the energy gap value 

of polycrystall ine z.;nO. Furthermore, the impuri ty concentration 
, . 

was observed to affect the optical transmission(talues. The 

higher the impurity concentrations, the smaller the transmission 

values. 

The present results aiso confirmed that In and Al are 

effective dopants (both are group 3 elements) for low resi~tivity 

ZnO thin films. The resistiv~ty of the ZnO films was greatly 

reduced by introducing II1 or Al è,into the films. For the films 

with 5.3 ~t% In, the resistivity in-the central region was found 

to be about 3 orders of magnitude lower than the undoped ones. 
", 

An interesting posi tional effect on resisti v~ ty was aiso 

found for the doped horizontal samples. It was observed that the 

resistivity of the films decreased monotonica lly with the , 
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( distance from the substrate center. The resistivity ratio -of the 

central and outer regions was found to be as high as 3 orders of 

magnitude. In the outer region, the Iowest resistivity value was 

about 1 x1 0- 3 to 3x10-3 'ohm-cm for the films' doped with 2 wt% In. 
\ Î 

It was also found that the resistivi ty can be'<...fu'rther decreased 
/ • 1 

by depositing on ve/ticaJ., substrates. For such fllms, a value of 

3X10-t ohm-cm has been achieved with 2 wt% In. 

The electrical measurements carried out using the Van der 

Pauw method showed that the main reason for the resistivi~y 

variation along the ZnO films was the mobility change in the 

s~mples. The carr i er Cb'l'lCentra tion was observed to be almost 

constant along the substrate. Results on the films with different 

doping concentrations aiso showed that the carrier concentration 

increased monotonically with the doping concentration>'.}Iowever, 
~ ~ 

high mobility values were obtained only on 
.J 

doping concentrations. 

" 
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CHAPTER 5 EFFE~TS OF HEAT TREATMENT ON ZnO FILMS 

1 

5.1 Introduction 

Thermal stability is a very important parameter for 

semiconductor window materials. This is especially true for the 

films used in solar cells which normally are opera ted in 
1 

'-
atmosphere under severe conditions for a long period of time. 

Good thermal stability is also important for the films during 

device fabrication which is usually carried out at elevated 

temperatures. 

For ~n~oped low resistivity ZnO thin films, the electrical 

resistivity was reparted by Minami and coworkers [1~18) [5.1] to 

be relatively unstable at high temperatures. The resistivity of 

the undoped films increased by about 4 orders of magni tude after 

a heat treatment at 400 0 C in vacuum. The i\~crease was even 

greater when'treated in air. Furthermore, the y reported that the 

resistivity of a ZnO thin film containing 2 wt% Al remained 

essentially constant under tne samé he~t treatment conditions in 
\ 

vacuum. It is therefore specially interesting to know whether the 

doped low resistivity ZnO films prepared in the present work are 

also stable at elevated temperatures in air. 

" For solar celi fabrication involving I-III-VI 2 compounds 

like CulnSe2' a heat treatment in air at about 200 0 C for severai 

hours is usually needed ta improve the junction performance. This 
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~ heat treatment will not only affect the characteristics of the 

junction but also the electrical properties of window material. 

In order to determine the stability ot- the low resistivi.ty 'ZnO 

films prepared in the present work for the solar cell application 

" 

with CuInSe2' heat treatment experiments have been carried out. 

The results obtained are reported in this chapter. 

5.2 Dop~ng Effect and Air Heat Treatment 
~ 

" 

r 
/ 

\ 

\ 

In order to study the effect of In doping on the thermal 

" stability of ZnO, several films with different In concentrations 

were' selected and heat 1 treated in atmosphere. During the 

experiments, a Blue M* oven with a thermometer was used. The 

temperature range for the Blue M oven is from 25. to 25~oC. 

Several samples were first selected and placed in a glass 

dish with ~ glass cover. The oven was pre-heated to 250 0 C and the 

container wi th the sampl~s in i t was then placed into the oven. 
. ~ 

.' After a period of time (for example, 10 minutes), the glass dish / 

( wi th the samples was removed and wrap~ed by a cotton cloth t'~ 
cool slowly (at least 20 min.). The room temperature resistivity 

of the samples was then measured by the four-point probe method 

* product of Blue M Electrical Company. 
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described before. After the measurements, th~ heat treatment and 

electrical measurements were repeated. 

The results for several ZnO films with different In 

concentrations treated at 2500 C using the procedure described 

above are shown in Fig. 5'.1~ The change of resistivity with the 

heat treatment time is seen to be dependent on the In 

concentrations. For the undoped ZnO film, the resistivity 

increa'ses by two orders of magni t ude af ter the fi rst hea t 

treatment (10 min.) an~ the value continues ta increase wit the 

heat treatment time. However, the resisti vi ty of the ZnO i lm 

containing o. S wt% In is seen t.o increases only by 1 order of. 

magnitude. The increase of resistivity decreases with 'the l 

concentration. For the film containing 5.3 wt% In, the 

resisti vi ty remains roughly constant during the complete heat 

treatment procedure. 

For the undoped ZnO films, the donor levels are created by 

oxygen vacanc ies [1. 1 2] • During the air heat treatment, oxygen 
,<l 

1 ~,' 
l!nto the films and' ',cornpensate these a toms ~can easily diffuse , 

donor levels. For the doped films, however, most of donor levels 

are created by impurity atoms and it is believed t'hat these are 

not easily cornpensated by oxygen atoms at 250°C. Therefore, the 

resistivit~ remained constant for the heavily doped ZnO films. 

From the present results, it is quite evident that the doped ZnO 

films are much more stable than the undoped ones when treated at 

2 SOoC in air. 
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5.3 orient~on Ef~ect 

As mentioned before, the resistivity of the vertical ZnO 

samples was lower than that for the horizontal ones. Such low 

resistivity ZnO films are attractive for photovoltaic cell ' 

fabrication. Therefore it is interesting to know their thermal 

stability in air. The heêlt treatment experiments have been 

carried out and the results are described below. " 

Horizontal and vertical ZnO films with 2 wt% In were first 

selected and treated in air at 250 0 C using the procefuJre 

describéd before. The results obtained for two hor'izontal and two 

vertical samples are shown in Fig. 5.2. Here the sheet resistance 
1"'" 

~, ls plotted versus the heat treatm~nt time. For the two vertical 

sample!(l, the sheet resistance ls seen to lncrease by about 2 
. 

orders of magnitude after the first 10 min. heat treatment. 

However, the sheet resistance of the two horizontal samples . 
remained roughly constant during the heat treatment process. 

Al though the difference of resistance change between the 

horizontal and t'he vertical samples was quite significant, 

" however, it 'was suspected that this was due to a large difference 
, 

in thickness. Furthermore, the thermal stability difference also 

could be due to a substrate orientation effect. In order to 

determine the dominant factor for the difference, one vertical 

sample with a thickness comparable to the horizontal "one was 
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selected and heat treated. The results are shown in Fig. 5.3. We 
, 

can see that the resistivity of the'vertibal sample again 

increases by 2 erders of magnitude after the ~irst 10 min. heat 
, 

treatment and remains approximately constant during the 
\ 

subsequent process. For the horizontal sample, the resistivity,. 
1 

remains essentially, constant during the complete treatment 
1 
1 

procedure. c,_;i~/fore, the above resul ts suggested thaot the 

difference in the resistivity variation between the vertical and 

horizontal samples is mainly due te an orientation effect. 

The observed substrate orientation effect could be due te 

the following reasons. The densi ty of donor levels from oxygen 
.-

vacancies for the vertical samples coul5 be greater than that for 

the horizontal samples. During the heat treatment, the oxygen 

vacancy le'vels were compensa t,ed by the diffused oxygen a toms. 

This effect resul ~tl in a drastic decrease in the free carrier 

concentration and therefore the large increase of resistivity for 

the vertical samples. From the resul ts described above, i t is 

thus clear that the horizontal ZnO films are more stable than the 

vertical'ones during the treatment in air. 

5.4 Temp~rature Effect 

In order to obtain further information on the stability of 

the deped ZnO films, several horizontal samples ~ave been t~ated 

\ 
r 
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(' in air at different temperatures. The temperature-dependent 

experiments were made in a range from 200 to 350°C in a step of 

SOoC. For the treatment experiments at temperatures beloJ 250°C, 

. the Blue M oyen was used. For the treatment experiments at 

temperatures above 250°C, a Lindberg Heri-Duty tube furnace with 

a temperature controller was used. For the high 'temperature -heat 

treatment exp~riments, the selected samples were placed in a 
-

Pyrex'tube. The tube with the se!ected samples were inse~ed into 

the furnace and kept in the furnace for a iixed period of time. 
h '-

After the treatment, the tu~e was removed from the furnace and , , 

the samples are allowed "to cool slowly. 

The results obtained for six samples are shown in Fig. 5.4. 

Th& sheet resistance is seen to remain constant at 200 0 C (results 

at 250°C which were not shown were also found to be essentially 

constant). For the two samples tre'ated at 300°C, the sheet 

. resistance increases by order of magnitude after the 2 hr. 

treatment. An even large increase iS,seen for. the two samples 

treated at 350°C. The large resistance increase at high 

temperatures again Js consistent with the previously described 

effect of enhanced oxygen'diffusion at the el~vated temperatures. 

From the results described above, it is clear that the air heat 

treatment of devices involving low resistivity ZnO films must be 

carried out at temperatures below 250°C in order to avoid the 

drastic ~ncrease of resistivity. 

However ,. the observed tempera ture-dependent resistivi ty 

\ '. 
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vari?tion also could be due to a variation of the crystal 

quality. To check this factor, preliminary X-ray diffraction 
"'1'1 

experiments were carried out on two samples treated in air (for 1 

hr.) at 250 and 350°C respectively. The results of the films 

treated at 3500C are shown in Fig. 5.5. Here, it is clearly séen 

that the diffraction peaks are not changed after the 1 hr. heat 

treatment in air. For the films treated at 2500 C, the results are 

similarly to the ones treated at 350°C. The present X-ray 

results suggested that the resistivity change Is not directly 

relevant to the cnange in crystal structure. 

5.5 Opti9~1 Transmission ,::;-

\ 
A~ter the air heat treatment, it is also very inte~esting 

to know whether the optical transmission values are affected. The 

, ' 
~\..--.... optical transmission values of several selected ZnO thin films 

wi th 2 w~% In were meas,ured before and after the 2 hr. air hea t 
~. 

treat!l'ent. at 200 0 C and the results for one of the samples are 

shown in Fig. 5.6. We can see tllat the optical transmiRni6'n 

coefficient( of the ZnO film are essentially not affected by the 

hea~ treatme~t~ThiS result further confirmed that the doped ZnO 

1 films are ver y \ stable window materials for optoelectronic 

devices. 
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5.6 Effect of Different Treatment Gases OIT ZnO Films 

In order to determine the main reason for the increase of 

resistivity of the ZnO films after' the high temperature air heat 

'" treatment, several ZnO thin films co~taining 2 wt% In weré heat 

treated in pure 02 and pure N2. The experiments were earried out , 

as follows. First the samples were eut into pieees with a size of 

2.5x2 cm 2 and the room-temperature resistivity measured. The heat 

treatment experiments were carried out using a set-up shown in 

Fig. 5.7. It ineluded a resistively heated furnace, a quartz tube 

wi th a diameter of 2.5 cm and a temperature controller. For the 

heat treatment in nitrogen, the samples were first introduced 

into the low temperature part of the tube located outside the 

furnace. Nitrogen gas was then passed through the tube at a rate 

of about 0.4 liter per minute for at least 10 min. to minimize 

the oxygen content. The part of tube with the samples was moved 

to the high temperature zone and treated for a period of 10 or 20 

min. After the heat treatment, the part of the tube containing 
\. 

the samples was moved to the original position outside the 
. 

furnace to cool. A c90ling period of at least 15 min. was allowed 

before removing the samples for measurements. For the heat 

treatment in oxygen, a procedure similar to the one described 

above was used. 

Several experiments were also made in hydrogen. For the 
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• hydrogen heat treatment, nitrogen was first allowed to flow 

--

r' 

through the quartz tube for at least 10 ~in. before introducing 
/" 

hydrogen. This was done in order tp avoid the formation of a H2 

and 02 mixture which is very dangerous at high tempera tures. 

After the first 10 min.; H2 valve was turned on and the rate 

controlled to about 0.2 l/min. and the N2 valve was closed. The 

H2 flow was continued for another 10 min. before ~moving the 

samples into the furnace for the trea tment. After the hea t 
, 

treatment, the tube was withdrawn from the central region of the 

furnace and the H2 flow was allowed to continue for at least 10 

min. Then the H2 valve was closed and N2 was ~llowed for another 

10 min. After the complete procedure, the samples werê removed 

from the tube. 

Results of the low reststivity ZnO films treated in 

different gases are shown in Fig~ 5.8. We can see that the 

resistivity remains roughly constant for the two samples treated 

in nitrogen. For the two samples treated in air, the resistivity 

increases by 3 orders of magni tude after a period of 2 hr. For 
/' 

the two samples treated in oxygen, the resistivity incre?ses 
( 

drastically Çifter the first 10 min. of heat treatme'nt. The 

resistivi ty ,continues to increase during the subsequen t hea t 

;~ 
~ (1 .... 

Under normal conditions, the oxygeri ~oncentration in air is 

about 21 % (by volume). Therefore, at the ~ame hea t treatment 
, 

temperature, more oxygen atoms (or molecules) in oxygen can 
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diffuse into the ZnO films to result in the large resistivity 

increase. From the above results, it is, clear that the 

resistivity increase in air at high temperatures is main1y due to 

the diffusion of oxygen into the,fi1ms. 

In Fig. 5.9, results of In-doped ZnO thin films treated in 

'fil' air and hydrogen are shown. For the ones treated in air, again 

the resistivity is seen to incr,ease by three orders of magnitude 
~ 

after a period of 2 hr. For the two samples treated in hydrogen, 

however, the resisti vi ty varies only very sI ightly ~ The resu1 ts 

obtained further confirmed the oxygen effect. Fdr the films 

treated in hydrogen, somê of the oxygen atoms in .the films may 
fY 

react with the hydrogen atoms. So?'the resistivity of the ZnO 
~ 

films decreased sI ightly during the ini tia1 -hydrogen hea t 

treatment experiment. 

The high re'sistivity ZnO films obtained after the air and 

qxygen heat treatment were aiso treated in hydrogen. After a 

period of 40 min., the resistivity of thersamples returned to the 

original value. Resistivity values of sorne of t~ samples were 

found to be even Iower than the or~ginal ones. 

The,resistivity decrease during the hydrogen treatment can 

be understood as fo11ows. During ~the heat treatment, hydrogen 

,atoms reacted with oxygen atoms in ZnO films and cre~ted new 

oxygen vac~ncy Ievels to give rise to' an increase of the free 

carJ:'ier concentration. This. effect is especially pronounced for 

the high resistivity ZnO fil~S obtained after the heat treatment 
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in an environment containing oxygene In such high resistivity 

, 
samples, most of the donor levels were compensated by oxygen 

atoms. During the hydrogen heat tteatment, donor levels ware 

created again and the resistivity was greatly reduced. 

Similar experiments were carried out at 350 0 e on Al-dopcd 
[1 

ZnO films and the results(jare shown in Fig. 5.10. The resistivity. 

of the two ZnO films remains constant for the heat treatment in 

nitrogen. For tpe samples treated in air, the resistivity is soen 

to increase by about 2 orders of magni tude after the 2 hr. hoat 

treatment. For the two samples treated in oxygen, the resistivity 

increases by about 4 orders of magnitude. 'The resul ts shown in 
,~ 

'Fig. 5~10 are seen to be ~imila~ to those given in Fig. 5.8 for 

the In-doped samples. 

\ 
5.7 Effects of Heat Treatment oh Car~ier Concentration and 

Mobility 

In order to obtain more informat'ion about the variation of 

resistivity of ZnO films after the heat treatment, electrical 

measurements were carried out using a Van der Pauw method. 

Several samples treated in hydrogen and air at 350°C were 

specifically examined. 

For the In-doped' ZnO thin f i1ms ~ the resul ts of carrier 

concentration versus the heat treatment time are shown in Fig. 
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5.11. For the samples treated in air, the carrier concentration 

of the films i9 seen to decrease by about 2 orders of magn~tude 
" J ~ 

after the 2 hr. heat treatment. For the two sampI es treatkd in 
\ . \ 

hydrogen, however, the carrier concent~ation remains constan~. In 

Fig. 5.12, the mobility of of two ZnO films treated in air is 

also se en to decrease by 2 orders of magni tude after the 2 hr. 

'hea t trea tmen t • For thè tv/o 

l "mobility of charge ~arriers 

treatment process. ( \ 

samples treated ~n hydrogen, the 
v 

does not change during the heat 
".-J' 

For the Al-doped ZnO films heat treated in air, the results 

are shown"in Fig. 5.13 and Fig. 5.14. Here, the carrier 

concentration variation is not very significan1=-. However; ,the 

mobility decreases by about 2 orders of magnitude. 

For the dop~d films treated i~"::lir at 350o C, the increase 
? 

of resistivity amounts to about 3. orders of magnitude. It is 
) 

believed ,that during the high temperature air heat treatment of 

J 
these films, not only the oxygen vacancy levels are compensated, 

soine impurity levels "'àre aiso compensated by the excess oxygen 

atoms. 
j 

The difference in the change of carrier concentration 

between In- and Al-doped ZnO films could be due to the difference 
~ ~ 

of atomic conc~ntration of impurities. Because the Al atomic 

concentration in the films with 2 wt% AI 20 3 is about 3 times of 

In a~omic concentration in the films with 2 wt% In203' 
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5.8 Conclusions 
1 

L 
r~ 

\ 

The thermal stability of ZnO thin films-deposited by the rf 

sputtering method on glass substrates has been studied. For the-

ZnO thin films with different doping concentrations, the thermal 

stability in air at elevated temperatures is quite different. The 

resistivity of the undoped films increased drastically during the 
, 

initial period of' air heat treatment. For the heavily doped ones, 

bhe resistivity remained roughly constant during the hêat 

treatment process. For the doped ZnO thin films, there was a 

large difference between the vertical and horizontal samples. For 

the vertical ones, the resistivity remained roughly constant 

.ur during air hea t treatment at temperature below 250 0 C. For the 

vertical ones, however, the resistivity values increased by about 

~ 
2 9rders of magnitude after the first 10 -min. of heat treatment. 

, ) 
Therefore, the present results revealed that the olow re~istivity - t ï 

doped ZnO films deposited on horizontal substrates are much more 

stable ~than the vertical ones. 

For the doped hor i zontalÎl samples, the increase of 

resistivity was also found to depend on the heat treatment 

tempera t ures. Wh en the hea t trea tmen t wa s carr ied ou t a t a 

tempera t ure above the resistivity values 
" 

increased , 

continuously with the heat treatment time. For example, for the 

samples treated at 350°c in air, the resistivity values increased 
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by more then 3 orders of magnitude after a period of 2 hr. 
\ 

Therefore, ~n order to avoid the rapid increase of resistivity of 

the ZnO thin films, the heàt treatment should not be carried out 
<!. 

at temperatures above 250oC. 

From X-ray diffraction experiments, the crystall~ne quality 

" of the ZnO films deposi ted in the present work was found to be 

essentially not affected by the air heat treatment. The optical 

transmission values were also observed to remain essentially 

constant after the air hea t treatment experiments. The present 

results thus suggested that the ZnO films are stable window 

materials for photovoltàic application. 

The heat treatment experiments carried out in different 

gases confirmed that the increase of resistivity of the ZnO films 

was rnainly due to the à i ffusion of oxygen atoms. The high 

resistivity values of the ZnO films obtained from the air heat' 

treatment experiments can be brought back to the original vales 
" 

by a hydrogen heat treatment. 

The resistivity increase of the In-doped ZnO thin films 

during the high temperature air heat treatment was observed to be 

due to the l\ decrease of mObi~ity and carrier concentration. For 

the'Âl-doped ZnO ,ilms, slightl~ different results were observed. 

The Increase of resistivity in these films was mainly due to the 

decrease of mobility. Finally, the hydrogen heat treatrnent was 

found to maintain the mobility of the films. 
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CHAPTER 6 CONCLUSIONS 

Several important conclusions arising fro~the present 
, 

research work on ZhO thin films have be~n obtained and 
/ 

are 

summarized below. 

(1) Good quality ZnO films have been de(posited on glass 

substrates by using the rf magnetron sputtering technique from 

the pressed ZnO powder targets containing In and Al. The gllass 

substrates were placed ei ther parallel or perpendicular to the 

target surface. The typical film thickness of the horizontal 
, ~ 

samples is about 1 micron for a deposi tion . time of 1.20 min. The 

thickness values of the vertical sampI es were smaller than that/ 

of the horizontal ones under the same sputtering conditions. 

(2) From the X-ray diffraction resùlts, it was con~ir~<I 

that aIl of the ZnO films showed single phase characteristics 

with a preferred (002) orientation. The relative intensity of the 

(002) peak ;i,ncreased with the increase of the film 'thickness. The 

X-rayt.diffraction patterns for the vertical samples were similar 
'\:;,:-; 

to that for the horizontal ones. yurthermore, the X-ray results 

were not affected by the air.heat treatment. 

(3) The optical transmission values of the lpw resistivity 

ZnO films were determined ,over the visible range from 0.38 micron 

to 0.8 micron. The eut-off wavelength vas about 0.38 micron 

\ (corresponding to the energy gap of polycrystalline ZnO, 3~\3 eV) 

and the transmission values in the wavelength range from 0.5 
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• midi-on to 0.8 micron were about 90% for ZnO films doped wi th 2 

...... 

... 

wt% In. The values were found to be relatively lowcr (80%) for 

the films with 5,.3 wt% In. From the present heat treatment 

results, it was also confirmed that ~he optical transmission 

values of the ZnO films were not affected by air treatment. 

(4) The electrical resistivity of the ZnO films was greatly 

reduced by the doping. In the cen~ral region of the samples, the . , 

resistivi ty was reduced by about three orders of magni tude when 

In concentration in the target increased from 0 to 5.3 wt%. 

(5) The electrical resistivity of ZnO films was also found 

~o be affected by the position of the substrates. Generally, the 
~\' ' {" 

J;'esisti vi ty of the vertical samples was lower tha'h tha t of the 

horizontal ones. For the horizontal samples, the resisti vi ty was 

also affected by the distance from the center of the substrates. 

The resistivity values were found ta reduce by 2 orders of 

.~i 
, magnitude as the distance was 2 cm away from the center. 

(6) From the Van der Pauw measurements, i t was found tha t 

the change of mobili ty was the main reason for the resistivi ty 

variation along the substrate for the horizontal samples. For 

such samples, the carriers concentration remained to be 

essentially constant. 

(7) In the low resistivity region of the horizontal 

samples, the resistivity of the films also was reduced by the 

increase of In doping concentration. However, the carrier 

mobility of the Znd films was inversely proportional to the 
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indium \ concentration. The 'c'arrier Goncentration of the heavily 

doped Znb films was found to be much greater than that for the 

undoped and lightly qoped ones. 

(~) The doped Zng films were observed to be more stable and 

~ 
the stability improved as the doping concentration was increased. 

The reason of the drastic increase of resistivity fqr the undoped 
D \ 

samples in the ini tial ~tage of the hea t trea tment process was 

found to be due to the diffusion of oxygen atoms which 

compensated the donor levels created by oxygen vacancies. For the 

heavily doped"samples, most of the donor levels were created by 
-r-

the impurity atoms which can not be compensated easily at low 

tempera tures • 
o 

(9) The horizontal sampctes were more stable than the 

vertical ones at temperatures below 250 0 C in air. For the 

hori zontal samples, the res isti vi ty remained roughly constant. 

For the vertical samples, the resistivity increase~ by more than 

two orders of magnitude after the air heat treatment at 250 oC. 

However, the resistivity of the ho izontal samples increased 
, ,.. 

more than three order s of rrla 'J ]. ude a f ter a tre~ tmen t for a 

period of 2 hr. at 350o C. Therefore, in order to minimize the 

resistivity increase, the treatment temperature must not exceed 

250oC. 
. 

-.., (10) For the ZnO films with 2 wt% In, the main reason for 

1 the r~sistivj ty variation durinh ... the high temperature (350°C for 

examplè) air hea-t treatment was ~e dec'rease of carrier, mobility 
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.. and concentr,ation. For ZnO films wi~h 2 wt% Al, the resistivity 

increase was due mai~lyPto the decrease of carrier mobility. 

/ .. 
..,.,.. 

(11) Heat treatm~nt 

resist:lvity of ZnO films. 

in h~drren was found to reduce the 

It is interesting to note tpat the 

resistivity values of high resistivity ZnO films resulted from 

the high temperature treatment (in air or oxygen) can be greatly 

reduced by the hydrogen treatm~nt. 

The present investigation on the rf sputtered ZnO has shown 

this material to be a good candidate for optoelectronic 

applications. The required low resistivity for such application 

can }:}e easily obtained by introducing impuri ties like In or Al 
" 

during the depos{tion. The doping also- has an important advantage 

in improving the thermal stability of the ZnO films. Therefore, 

the doped ZnO films can be incorporated in devices invol ving 

absorbing materials like CuInSe2 0 

For· device application wi,fh CulnSe2' i t is important to 
"\ 

note that there is a large lattice mismatch between the two 
, . 

materials. The lattice mismatch between ZnO and CulnSe2 can be 
, 

reduced by introducing a layer~of CdS or CdZnS between -the ZnO 

and CuInse2 [1 06]. 

The carrier mobility of the present rf d~posieèd ZnO films 
, 

is still low. More work therefore should be done' in order to 

prepare films with higher mobility and high optical transmission 

values. \.\ 
./ '-
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