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Transparent low resistivity 2nO films with a typical

P

Ay
//thickness of _1 micron have been deposited on glass—substrates by

an rf magnetron sputtering:method. The anyfilms were
Y] 4
polycrystalline with a (002) preferred orientation. It was found

‘that both the electrical and optical properties of the‘films were

affected by adding In,03 or Al,03 as sources of dopant. For the
’ ‘ \ ' .
In-doped films, the resistivity of the central region was

obs®¥rved to decrease by three orders of ma;gitude as In,03
content increased4from 0:to 5.3 wt¥. A similar effect was
observed for the A ped films. It'was also found that the film
ng:ith substrate position. For the £i1ms

deposited on vertlcal substrates, thopresistivity was lower than
that of horizontal ones deposited under the same conditions,
Furthermore, it was found that the resistivity onZnO films
doposited on the horizontal substrates varied with distance from
the target center. From Hall effect méasuremeﬁts, this
resist1v1ty variatlon was shown to be due to a variation of
carrier moblllty along the substrates. A
In the present work, thermal stability of the ZnO films in

ayf was conflrmed to improve by the doping. For the undoped ZnQ
films, the resistivity increased by abput 3 orders of magnitude
after an‘air‘heat treatment at 250°C.‘Forathe heavily doped’ones,
however, the resistivity remained: essentially constant after

similar treatment. For the films deposited on vertical

substrates, the resistivity was found to be not as stable as the |
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films deposited on horizontal substrates. In addition, fhe\

thermal staﬁility of zZnO films was observed,to be“affifted by the

4

. 5 .
é}eatment temperatures, . The resi%tivity valuei,increased
drastically with time at high temperature (for example 350°C).
This increase was'béiieved to be AQue to diffusion of oxygen. For

the films doped with Al or In, the carrier mébility‘was observed

o

to decrease during the air treatment. A decreasee in carrier -

o

concentration with the preatmeﬁt time was found for the In-doped

L]

‘- !
films, For those doped with Al, the carrier concentration

remain hly constant during the air treatment. For the air
treatment under)250°C, the resistivity of doped films- remain’s
constant. The present results thus suggested that the doped ZnO

'fi}ﬁs can be used for photovoltaic device fabrication.
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RESUME |

Des ﬁi@trmaparents de OZn, de faible résistivité et d’épaisseur tipique 1 micron ont
été déposés sur des substrats en verre par pulvérisation, en utilisant un magnétron rf.

Les films étaient polycrystallins, orientés préférentiellment suivant la direction (002). Il

. a été trouvé que 'addition dessources de dopants In;Oy et Al,04 influengaient a la fois les

propriétés électriques et optiques des films. Pour les films dopés 4 1'In, on a observé que la
résistivité dedarégion centrale diminue de 3 ordre de grandeur lorsque la.concentration u

. Iny0s augmente de 0 & 5.3 masse %. Un effet similaire a €té observé pour les films dopés

a PAl. On a auesi remarqué-que la, résistivité du ﬁlm varie avec la position du subbtrat:
la résistivité des films déposés sur des substrats verticaux était plus faible que celle de
ceux, déposés dans les mémes conditions, sur des substrats horizontgux. De plug, on a
trouvé que la résistivité des films de OZn déposés sur des substrats horizontaux varie avec
la distance au centre de la cible. - Des mesures par effet Hall ont permis de montrer que
la variation de la résistivité est due & une variation de la mobilité des porteurs le long du

substrat. .
-° v

Le travail présenté ici confirme que la stabilité t]{ermique des films de OZn s’améliore
avec le dopage. Pour des films non dopés, la résistivité augmentait d’environ 3 ordre de
grandeur & la suite d’un traitement thermique & Iair, & 250°C. En revédnche, dans le cas de
films trés dopés, la résistivité restait pratiquement constante aprés un traitement similaire.
Quant aux films déposés sur des substrats verticaux, on a trouvé que leur resistivité n’est
pas aussi stable que celle de céux déposés sur des substrats horizontaux. De plus, il a

. été observé que la stablllte thermique des flms de OZn est affectée par la température de

tra.ltement

La valeur de la résistivité augmentait dramatiquement en fonction du temps a haute
température (& 350°C_par exemple). Cette augmentation est présumément dde & une
diffusion d’oxygene. Pour des films dopés & Al ou In, la mobilité des porteurs g’est -avérée
décrojtre pendant le traitement & 1’air. Une diminution de la concentration des porteurs
en fonction de la longueur du traitement a été observée pour les films dopés & In. Pour aux
dopés & Al, la concentration des porteurs restait approximativement constante pendant le

traitement. D’dutre part, dans le cas de traitement thermique & I’air & des températures -

inférieures a 250°C, la résistivité des films dopés reste constante.

B,

i)

ey etis e 1% ecq R
De telg résultats on suggeré’ la possibilité d’utiliser les films de ZnO giof)és pour la
fabrication de dispositifs photovoltaiques.
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CHAPTER 1 INTRODUCTION >
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¢

-

3‘The development of new energy resources becgmes more and

more import%nt since the quantity of the current major energy

b

resouéces is limig?dt The renewable energy resources, which
incfudq sunl&ght, ocean current, wave, wind and falling water,J(
caqﬁbe aavanfageously used to replace of the current major energy
resources. For these energy resources, sunlight or solar energy
is}the most attractivedone: %hq magnitude of solar .energy falling
on the earth is about 7.45x10!Z%kwh anndally while the présent
consumption of the world is /only . about 0.5x101q4 kWwh annually
[(1.11.

The current major problem for the application of the solar
energy is thé_deyelopmént of a low cost procedure for h;gh
efficiency sdlar cells. These éélls will be uséd for%the-direct
convers{on of solér enexrgy intorelectricity, which -is very
interesting and has been wildly studied currently. :

The photovoltaic %Plar cell basically is a pn iuncti&n
either in a homojunction or hete;ojunction form. At the present,
the most attractive magerials for such applications are CaTe, a-
Si and CulInSe,. This is due to the special optical and electrical
properties of these materials. In our laboratory, several
projeéts are being carried ojt on the semiconguctor C&InSez,

)

specifically on low cost thin film methods [1.2]{1.3][1.4]. Using

-

CuInSe, thin fil?s, héterojunqtion solar cells have been

)
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'(3) Low cost of material. ®
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fabricated and energy conversion’ efficiencies of about 12% have
+

C \

For Qetefojuction cell fabrication, it is very important to

been reported(1.5](1.6].

find a suitable window material. The requirements of the window

mai:erial, are as follows: low electrical resistivity, small
lattice mismatch with the base material (CuInSe,), high optical
transmission and low cost. Window materials like cds [1.61([1.7],

4

ITO(1.8], 2ZnSel[1.9] and In,03(1.10] have been widely studiﬁed for

(S X}

such applications.

. In the ‘present work, experiments have been made to
e, .
fabricate and study another inf:eresting window material, 2nO.

Comparing with other window materials, 2n0 has several

advantages.

' - - T
(1) It has a large energy gap of about 3.3 eV, therefore, most of&"}

the phopons in the solar spectrum cdn pass thrésugh it, ;

(2) FPilms with low resistivity can be achieved,

(4) Not toxigce .

The 3Yemiconductor %nO has a direct energy gap and usually
sﬁows n-type conduction. For ZnO”ér—ystallized in a wurzite form,
the ,lattiée parameters are: a=?3.249 X, c=5.205‘ X For a cubic
structure, a=4.58 X The density of states of the conduction band
is (\about 1x1018 cn~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 2ZnO is 190"cm2V‘1sec"1n at room

{
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temperature [1.1]. : : . T,
. Low resistivity 2nO thin films can be achieved either by
controll’ingh the stoichiﬁﬁeﬁ:\ry or Ry introducing ’dopant;;. Regearch

experiments reported in literature on tire preparation'}of\lovg

resistivity ZnO films are briefly destribed below.

Using a reactive evaporation method, Morgan and coworker
” [ 4

[(¢.11] described' the deposition of undoped Zn0 films in a vacuum

chamber containing high purity oxygen. Transparent. films with a
. /7 -

.

room temperature resistivity  as low as 0.02)«_14 ochm-cm and a
carrier concentration of about 1020 cm=3 have been obtained.
‘Regults also have been reported by Webb and coworkers

[1.121(01.13] usi'ng a reactive sputtering method. 1In their

-

experiments, 2ZnO thin films (resistivity as low as 5x10’.3 ohm-cm)

) -

we‘re’{é;éijosite[d on heated substrates from a high"’{.nyxrity' Zno
target. A mixture of Ar and Hy was used as‘the sputtering gas
during the‘ experliments to control the conductivity of the 2n0O
fi‘lms. ‘ |

+r

A low“cost spray pyrolysis method also has been used for

hrl

the preparation of 2ZnO thin films. Using -this method [1.14],
filmg with a resistivity of 103 ohm-cm have been achieved b);
depositing them on substrates at a temperatu‘re‘ of about 400°C
followed by a post annealing either in N, or H,.
Using a conventional rf :sputtering method, Ito and Nakazawa
. 3

[1.15] Prepared low resistivity Zn0 thin films (5x1 ohm-cm) on

glass substrates. In their experiments, pure Ar was used as the

Kl

- - . 3
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sputtering gas and .high purity ZnO was used as the target.
Re?ently, Minami and coworkers [1.LQ}[1,17] have produced
Zn0 thin films with a“resistivitj a% low as 10-4 ohm-gm using a
modified rf magnetron sputtering method. In their experiments, an
external dc magnetic field was applied during the deposition.
~Th?y found that the carrier mobility of the deposited ZnO films
was* as high as 100 cm2v-tsec—1. They also found a positional
effect of resistfvity of the 7ZnO films. The resistivity of ﬁhe
samples deposited on substrates held perpendicular to thé 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 Zn0 materials. For the deposition of low resistivigy Zno
films,.it is especially interesting to investigate the effect of
doping. Minami and coworkers adopted Al (1 to 2wt%) as dopants
and found that thé‘resistivity of the ZnO films can be further

reduced [1.18][1.19]. However, the carrier mobility of the 2ZnO

films was lower than that of the undoped ones.

"From the above brief survey of researgh experiment§ on the®

low resistivity ZnO films, it is clear that there are stild

several important questions remained to be answered. For eXample,/

the thermal stability of the low resistivity 2Zzn0O films at
elevated temperatures is not_known. The thermal stability of the
window materials at elevateg temperatures is specially important

for devices applications whefe a post heat treatment is need. It
{

¢
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is also not clear whether the_positional'gfféct observed for the ¢
undoped ZnO films is also present in the doped ones.

In present work, qn,rf.spﬁﬁtérgng method has been used’ to . .

deposit transparent and low resistivity 2Zn0 films. In and Al' were

used as dopants to achieve the 1low electrical resistivity

- \ B

[Tﬁ203[1.21]. Efforts have bgen made in order to answerlihe above

X
74

described questiéns. 1
' The arrangement of this thesis is as follows. JTn chg;Zerk2,

the principles of the rf sputtering technique are first

<1

introduced, the rf unit used igwbur laboratory and the procedure

for the film deposition are then described. The measurement,

techniques used in the present work are presented in chapter 3.

In chapter 4, the e}ecfrical and optical measurement results
r~0h‘\

obtained for the Zn0 films are described in detqllé{ he thermal

y ~

stability study of the ZnO filmsﬁare'then aiscqssed in chapper 5.

Finally, in chapter 6, main conclusions of the present work are
: ' §
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2.1 Introduction ‘f S
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As “described in chapter 1, Jow rfesistivity 2zno ;hih/gilms
can be achieved°%ithéf”by contrélling the stoichiometry of the
f{lmS‘(without impurity) or by doping. For the undoped films, the

donory-levels are created by excess Zn atoms &r oxygen vacancies.
*\

For the doped films, the donor levels are created by the addition

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

® ' In the present work, an rf magnetron sputtering method has
been used to deposit low resistivity and transbarent zn0 thin
films. During the deposit%qn, impurities were introduced to the

films to redyce the resistivity. The deposition system and the

> >

deposition procedure are described in this chapter.

§
L | K

\

2.2 PE}nciple of Sputtering a?g\RF Sputtering Sys@sm

»

Sputtering technique is one of the most effective methods

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

-~

sputtering is based on %he fact that when a solid or liéuid is

" ..
.bombarded by suitable high energy ions, it is pogsibﬁe for

individwval atom of the\target to get enough enerygx_ (from

> oy

o s . /
collision with the incident ions) to escape from the target

RS [ ] N N .«
o mE Y e e T e
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surface [2.1]. The simplest.fmethod of sputtering is the catﬁbde

sputte%;ng”(of DC é%@ttérﬁhg) method. The principle of the

" . (cathode sputterirng is as follows. The material to be sputtered is

.

used as a cathode in the sputteging system and a glow discharge
| .
is formed in an inert gas (e.g. Ar) at a ﬁow pressure'HO“1 to

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

dischargg are accelerated by the potential difference betwecn the
", < : ,
cathode and—the anode and eventually bombard the target., The ’

I

cathode materiél is removed by the bombargment'gnd deposited on
the ;pode (éubstragés). ™ v

The bC sputtering technique has been extensively studied
and used to sputter conductive materials. gﬁ@ever, thigxmethod

_€ '

can not be used effectively to sputter nonconductive materials
because a surface charginé effect of the insqlqtor;. Therefore,
instead of the DC sputferiné,aan rf spuhtering téchnique has to
be used to deposit the nonconductive materials. Dififerent from
the cathode sputtering method, the rf power supply is referenced
to ground and the rf éower can generate plasma/and accelerate
¥ ions t; the target to cause sputtering.“
Compared with the cath@ég;sputter&ng, the rf spugtering
'method has two advantages. First, the ‘target is not neceasaﬁy to
be electricglly condhctive since an rf voltage can be cxﬁplcd

-
'thfough any kind of impedancé. of course), films also can be

-~

‘sputtered from a conducting target using the rf sputtering

. system since the target is’capacitfvely coupled to Ehe power

a

/

=4
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-supply.

Furthermore, the secondary electrons can obtain
sufficient energy in thg glow space to cause‘én ionizing
collision. The cr&atioﬂ of ;iﬁcondary electrons *is a very
important concept in the rf sggktering' process. Electrons are
accelerated away from the target since a negative volfage is
épplied to the target. Thgsé‘electrons will help to maintain the
glow dischargé by ionizing the Ar atoms and when Ar ions bombard
the tar%iﬁyﬁ\gyre seconda:x’;?lectrd%g will be generated 1in ag
avalanche process. .On the ofher hand, although electnons will
lose part of their energy during ‘the éoliision with Ar ions, they
will impinge tﬁe suybstrate eventually Qith a high enough energy
a;d cause an increase of target temperature. ’

. L 4
In order to minimize the effect of secondary electrons on

the substrate temperature and to increase the .ionization

AN

\

efficiency, an axial magnetic field can be introduced. This
magnetic field, which is parall®l to thé\target surface, 1is
formed on top of the target and will force the secondary
electrons t? follow along a helical path. This hélical trajetory
J&ll give a longer path to the secondary electrons énd therefore
incréase the&probability' of ionization collision before these
electronsﬁreach\the anode’ and reduce their impinging speed. The
mggnetron also caﬁ be ;dvantageously used to reduce the pressure

-

in the sputtering chamber. The typical pressure during the-

L

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

which is about 1 order of magnitude lower than that used in the
X )

£
»
-
-
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DC sputtering system. However, t-:}vle magnetic field also moves the
dischargg away from the tgrget centre and causes a nonuniform
deposition. Fortunately, in a system with a low field and a small
target, this effect wilji not be. very important ‘[2.2]. -
In this study, an rf magnetron sputtering system (shov/m in
Fig. 2.1) has been used to deposit low resistivity Zno thin

films. This system includeg a Varian vacuum unit and an rf unit.
The vacuum unit consists of "a 12—inc-h glass chamber, a 4-inch
diffusior{ puinp ;and a rotary pump. Ti’xe pressux;e in the chémbér is
measured by a thermocou‘pleﬁ and an ionization gauges. The
diffusion pump with a cold trap and a ther{t\ocouple gau é\:;bfs_y,
isolated form (or connecteéd to) the vacuum chamber by "a r;igh
vacuum valve and a control valve. The rotary pump is isolated

from (or connected to) the vacuum chamber by a roughing valve.

_The rotary pump and diffusion pump are isolated from (or

connected to() each .other by a foreline valve. A vent valve is

S

used to let air into ,the vacuum chamber.

' The rotary pump, can be used to pump the vacuum chamber from
f

"atmosphere to a pressure of few ten mtorrs (roughing pc;sition)

and i#g- also used to maintain a low pressure ﬂre‘quifed for the N

.

“ “«9 d /
diffusion pump -(foreline position). The diffusi?}x k}Dump is used to
pump the vacuum chamber after the chamber has been pumped to

about 60 mtorr by .the rotary pump. The thermocouple gauge 11 is

used to detect the préssure of the chamber when the pressure is
/

more than 10 mtorr. The ionization gauge is used to detect the

.

4

I
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i?pressure when it is less than 10 mtorr. The thermocouple gauge 2
i
“is used to monitor the pressure of the diffusion pump.

Inside the vacumﬁ chamber, there is an L-shape aluminunm
S

sample holder for the glass substrates. There is.alsp an rf gun

which 1s water cocled. The 2ZnO target‘QS mounted on the top of

the rf épn. /

-

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

associated with the rf generator and the rf/dc converter (model
No. RF5000MB). An rf potential is formed between the target and

ground which is used to ionize the Ar atoms and to acceleMate Ar

¢
-

ions to bombard the target.

“~

2.3 Film Deposition

,af

ThefPprocedure of zZnO thin films deposition includes .target

preparation, substrate preparation and vacuum deposition.

-g{ ¢ . - N
g
2.3.1 Target preparation .
A

: by )

High purity ZnO powder (59's) and high purity In,O3 or
Al,03 powder were we{ghted by using a balancg and mixed in a |
clean beaker for at least.® min. The mixed powder (about 10 g)

was pressed by using a small hammer into an aluminum holdéer

-

.

R 3
(diameter 4.7 cm) to form a target. ;Me target was then mounted A\

o

0 '
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)

on the‘top of the rf gun. In order to study the,effect of doping

concentration, ZnO targets containing 0.5, 2, 4 and 5.3wt% Iny,03. . .
4& *

were prepared for the deposition of 2ZnO thin films.

2.3.2 Substrate preparation
~ .

Pre-cleaned microscope glass slides from Fisher Scientific
with an area of 75%25 mm? were used as substrates which were
mounted on the L shape Al sample hhgder. In order to study
effects of the substrate position on the properties of ZnO films,
glass substrates were placed either perpendicuiar or parallel to
the target surface (as shown in Fig. 2.1). ?he distance between
the target and the horizontal substrate and the lower edge of the

~

vertical substrate is about 4 cm.’

v .
:

2.3.3 Deposition procedute .
v ° ‘ ‘)'

After the substrates and the target were mounted ‘into the

vacuum chamber, the roughing valve was ogened'and'the chamber was

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

-3

value below 60 mtorr, the roughing valve was closed and the
- Fa ! .
b@ﬁ&ng valve was opened. Following this, ,the high vacuum valve

was opened and the chamber was pumped by the diffusion puﬁg.ﬁThé
‘ . %

1

11 . -
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. fixed position to keep the chamger pressure at about 20 mtorr for

. LY
value (e.&. 5 mtorr),

;the substrate cool. v

*—1‘7
» !
final pressure of the chamber would reach 106 torr range after a

period of about 2 hours.

When the pféssure of the chamber was pumped down to about

10-6 torr, high purity Ar gas Qas thenvintroduced into the

.zhamber by openng a needle valve. The valve was maintained at a

\

-

1 fin. The valve was then;closéd and the pressure of thé&é chamber
quickly returned to the high vacuum level.. This process was
repeated again to pigimize the content of air in the copper tube
connecting the vacuum chamber and the gas cylindgr.

The rf power supply and the rf generator were turned on and
a period of about’ 3 min. was allowed to warm up phe«fila ent of
-the rf tube. When the rf tube was ready, the pré§§upe of the

!
vacuum was then increadgd to about 10 mtorr by opening the needle

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

this, the chamber~pressure was contrelled to a predetermined

s

During the sputtering process, the incident rf power was

controlled to 60 W and the typical deposition time w%$ about 2

hr. The subs;yate temperature, which is believed to be important
. ¢

in determining the film gquality, increases to about 100°C when

e
incident power is fixéd at 85 W {1.17]. Therefore, after each 30

t B
min. of sputtering, the deposition was stopped for 10 min. to let

\,

After the complete deposition, the rf powér was turnéﬁ of £

R
&
Ty )

12
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and the substrates were allowed to cool for at leasg\15 min.
before removimg them from the chamber. The samples were then
numbered’ and kept in a plastic box and‘thgy were ready for
testing. A

To minimize the.influence of the target surfaqe composition
(which wa; changing witﬂ time) during the deposition, a small
amount of target raw material was introduced to the surface and
was pressed again to form a new "target surface after 5°

consecutive deposi%ion runs (total time of 10 hr.). ?

. g SR
3 \

2.4 Conclusions

Thin films of Zn0O have been deposited by using thé~§f
magnetron sputtering method. The rf magnetronrséuqyering meﬁﬁod
is a commercially accepted technique for the déposition of thin
films sspecially from noncoﬁductive targets. This is becausg the
relatively low substrate heatiné, high deposition rate, large
area coverage, and low deposition induced damage in éhe grown
films. Usiné this method, the film thickness can be %ontrolled
easiiy and relatively accurately.

[4
*
In this project, in order to obtain low. resistivity ZnO

- 1

thin films, weighted amounts of In,03 and Al,0; were introduced
into ZnO targets. The typical deposition conditions are as
follows: Initial chamber pressure 10-6 torr; pressure during

L
=

"%




- A

(:; L4
deposition 5 mtorr; weight of the target material 10 g; distance

petween the target and substrates 4 cm; incident rf power 60 W;

deposition time 120 min. In the pr?sent work, the glass
substrates weré)placed either parallel o£ perpendicular to the
target sgrface to investigate ﬁow the the* properties of the films
were affected by the position of the substrates. In o;der to

) .
study the effects of doping concentratlon, targets with

"

different In203 contents were also used to deposit the 2ZnO films.

-
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CHAPTER 3 FILM CHARACTERIZATION

y o .
3.1 Igtroduction . .

0 —_—

There are sevegal important parameters.for the
characterization of thin film materials, such as: thickness,
compositional uniformity, crystal structure, optical transmission
values, electrical resistivity, concentration and mobility of
cﬁhrge carriers. In order to obtain these parameters for ‘the
deposited ZnO films, several measurements have been carried out.

First of all, film thitkness was measured by an optical m&thod.

Crystalline quality of\ the 2ZnO films was examined by an X-ray

*diffraction technique. Oﬁ%ical transmission characteristics of

-

the films were also obtained by using a monochromator.

v -

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

' éoint probe unit. Carrier concentration and mobility were finally

?

determined by the Van der Pauw method.
In tijg chapter, t?e principles and the equipment of the

measurement will be describg@ first. The experimental procedure
- 4

¥

will ‘then be introduced. ] ; "

3.2 Thickness Measurements

A
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The thickness of the thin films is a very important
parameter and must"be determined before the determination of
~

other physical parameters. In this project, a very simple optical

method has been used to determine the thickness of the 2ZnO films.

The pridciple of the -optical method is based on
interference of light in the thin fi;msh When visible light with
a wavelength from 4000 to 8000 2 is incident on the surface of a
film, interaction of two or more rays causes th; intensity of the
light to inéreaée or to decrease in a'specific direction [3.1].
As shown in Fig. 3.1, when an incident 1light reaches the
giop suéface of the thin film, it will be partially reflected qnd
partially refracted. When the refracted light reaches the bottom
surfaces gt is partially re%lected to the top surface and 1is
refracted,again. For a trapsparent deeriﬁl, the intensity of the
reflectedflight usually is mdch lower than the refracted light,
Therefore, it is sufficient to consider only the integference of

the first two reflected rays.

The difference in the optical péth of the interacting light

r

beams 1is:
’ : 2t*n
Al = (OC+OC1)n—OF =~33§B—2t*tan8*sina {3.1)
\ LY
. o

7.

Here /. is the refractive index of the film, and n=sina/sing *




.

4

Id

Ay ="E%§B§%%§~2t*tan6*s}na = 2t*n*cosB = 2t.1n2~sin20 - (3.2) ,

- ' ~

gzhce the phase of the light reflec;éd from the top surface

will change by 1,

Mog, =1-4/2 S 8.3

when  Al_=2K)A/2 or Al=(2K+1)A/2, the maximum interference will
ef :

] v
occur. B

By knowing K, ) , o and n, the thickness t can be.obtained.
N ¢

.\ - -
o7t =54 /n’ sin?e . - (3.4)

©

°

here K is number of maximum interferencelu
For the ZnO thin films, the methéd déscribed above was used .

to determine the thickness. During the measurements, the samples
were placed under white light or a aicrgscope illuminator and the
number of interference rings was éounted. Usu%&ly, red {
interference rings wer%ychosen for the calculation because they
can be clearly seen ukwnder white light. The wavelength of ‘red
light 1is about 7000 X. Therefore, from eq. 3.4, each red ring
represents a thickness increase of about 0.2 micrd%&

" The film thickness also has been meaéu;ed by using a Dektaﬁ
surface profiler (Slcan Techﬂology Corp.) to confirm the optical
results. During the sputtering, dome of the f%ﬂms’were’prepared

3
145
.
\
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so that part of.the substrate was covered by another piece of

glass. When the small needle in the Dektak surface profiler was
s \ = ‘ e

scanned cross the step, the height of the step was dgnverted into
<Ny 2

an electrical signal and was recorded by an X-Y recoﬁ%er.

pal

For the films with-a thickness less than 0.2 micron, it-ik

impossible to use the optical method to determine the thickness

»

and tthDektak surface profiler has to be used instegad.

4 . .
Genera%lyy for the 2nO films with a thickness greatgr than 0.5

' A
micron, the optical method can be &Q?loyed to estimate the

thickness of the films. ’ ®

L)
T
[ ™
. ¢ o /\
3.3 X-ray Diffraction . .

TN ) \ \E )
X-ray diffract}on technique ia%fn effective method: to
; P .

determine the crystalline structure of a film. It is a

3

nondestructive and noncontact process which gives the information

about the presence of phases, film thickness and grdin size

¢

[3.1](3.2]. The schematic diagram of an X-ray diffractometer is

shown in Figq. 3.2.

[

The X-ray diffractometer consists of a gonoimeter to rotate
L]
the sample, an _X-ray tube to-produce radiation and a counter to

detect the radiation spectrum emitted by. the sample and to
o

transform into a pulse spectrum. After amplification, the pulse

spectrum can be converted into a graphic record of intensity

S \

p
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Foay
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¥

versus diffra Eipn angle by using an X-Y recorder.

. ‘
The fundamental equation for the maximum diffraction is the
. ]

Bragg's law. ’

~ - 4

Zdhkl*sine =n) . . (3.5)

| o I

Where n 1s an intéeger, A. is the quele?gth of the incident

X-ray, dhkl is the spacing between the crysfal planes and 6 is

the incident angle. Th'e scattered waves interfere with each other

and the maximum intensity is achieved when the Bragg condition is
satisfied. From the diffractlon pattern, the incident angles 6 at o

,

peak positions can be obtained and the corresponding d values can
be‘calculated from the equation. From the ASTM data, the crystal
structure of the film can then be determined.

aAn X-ray diffrattometer (Simens) was used. Experimentally,
the glass slide with 2ZnoO tilm on it was first cut into‘pieéég

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

_ '
glass sample holder using vacuum grease. .The sample holder with

the the sample was then attacked to the gonoimeter. The

diffraction data were collected in a 20 range between 5° and 90°.

¢
Wy

i

3.4 Optical Transmission Measprements

Vo \ ¢

’
4

go In order to determine the transmission value of the 2ZnO

v N 4 . °

f <,
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thin films, an optical measurement system (see Fig. 3.3) was

used., It éonsisY\s of a Bechman monochromator (model 2400) with a
wavelength rancje from 0.4 to 2.0 microns, an Oriel tungsten lamp

source (model 6325).@ The wavelﬁngth of the output 'was sclected by

—— LR

N , 4
adjusting .the position of a prism in the jnonochromator. . L

During the measurementsf the slit width of the
p\_/—":’_\ .
monochromator was maintained at 1.5 mm. A United Detector Si

detector (mod%} 6-PIN) was used for the intensity measurements.
B ~ . /"
The short circuit current of tge&detector‘hnder illumination was

meaigred using a Keithley (model 480) picoammeter.

-
£

The measurement was carried ouf‘as follows, the
monochromator output was first set at a certain wavelingth anc}
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
coefficient of the 2n0 film at this wavelength was obtained by
taking the ratio of these two intensigy valug; The'experimcqt
were carried out.in a wavelength ra&ée from 0.38 to 0.8 micron,

It is important to mention that, the reflgftion fagtor was not

considered for the experiments in this project.

3.5 Electrical Resistivity Measurements

gy .

~ .

N

Foréroom temperature resistivity measurements, a four-point

-
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ﬁfobe technique 1is conveniently used [3.3]. A‘schematic diagram
of the four point probe use in our laboratory is shown in Flg.
3.4. The four probes are equally spaced’ and adjusted to the sama
ievelA—A small cugrent supplied by, a dc power supply is passed

through the two outer ,probes and the voltage developed between

N ¢ N

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

4 v
by substituting the thickness W-into the following equation,
[

p =V/IWCF ohm-cm ) , ///‘ (3.6) ~

4

here CF is Lhe correction factor. (when d>»>s, CF=4.54.) .

The Zn0 films were first placed on the plate of the four-‘
point probe unit, the probes then were préssed onto the films.
T&o HP multimeters (model 34GBA and }478A) were used t% measure -
the voltage across the two inner probes and the current througﬁ

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

-
}
-y

3.6 'Hall Effect Measurements )

A4

H

Hall effect measurements can provide informakions on

carrier concentration and mobility which are important parameters
Vs

of a semiconductor:. [3.4]. When the sample with an electrical

& v
current I, flowing in x direction, is placed in a magnetic field,

which is perpendicular to the current,direction, a Lorentz
<y

Hy

Y
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force will subject to the carriers in the direction normal to the

current and magnetic field plane. If we assume the semiconductor

A

is n type, ﬁthe field created by the Lorentz force can be

'gxPreésed as ¢ -
dALe Tt
- Ll) N v N
1",‘:' ?{E‘ ) -:,t . ~ \
P “‘ v . ~ . B
Ey=IyH,/ne (3.7)
- y . -
.o
The Hall coeffiCient and the carrier,consentration ar
related to each other and are giién by the following expressions.

w

e ¥ 5

N 0
£

By knowing the electrical field, the current density and
the magnetic field, the Hall coefficient and the carrier
concentration can be obtained.

The carrier mobility of the samples also “tan be obtained

»

from the Hall effect measurements,

W= R, /o Q (3.9)

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 Der Pauw

method can be described as following. )

<
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Four point contacts qm, n,
the hole-free films (see Fig.

through contacts m and n and the

p and o) are made on the edge of
3.5). If a current is applied

voltage between contacts p and o

Ped

is measured, the resistance associated with Vpo and I, is given

by ¥ )
™
- Rﬁh,op=(&p‘vé)/lmn

(3.10)

Similarly, if a current is applied through the contacts n
&
and o, and the voltage between contacts p and m_is measuyred, then

g
the resistance associated with these two guantities is given by

'

R (3.11)

o, pm -

=(Vm"vp)/Ino ;

1
4
a

Resistivity of theofilm can then be obtained by‘using the

following equation.

nd (Rmn,op+Rno,pm)F
2

_ 3.1 Y
r P IR ( 2) .

-

»

where d is the thicyness of the film, the factor F is a function
; N N

!

of R /R

mn,op

no, pm [3'n5] (See Fig. 3.6)- -

For Hall coefficient measﬁrgments, a current is applied
through the contacts m and o, and a potenﬁial across the contacts

p and n 1s measured. The resistance Ruo,.np c€an be obtained
- . (NP
A

)
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{

. i
Rmo,np=(vn"vp)/1mo (3.13)
4
the same measurement is repeated uﬁﬁgr a uniform magnetic field
A N}

/“‘:-, \\\f <
whicﬁwis.applied normal to the surface of the sample. The
¢

4

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

It can be shown that the Hall coefficient is proportional

£

to the difference of the resistance..

e
de . 1 .
Ry ="§_(Réo,np'Rmo,np) v/ (3.14)

L]

In our laboratory, a magnet with a magnetic field of-about -
8 KGauss was used. The sample é%rrent and voltage were measured
by using the two HP multimgters described before. % low noise
switch box was also used to change the contacts to obtain all of
the currents and'voltages.

- For the Hall effect measurements, the glass‘slides with the
Zn0 films were first cut into small pieces wifh a typical siz%'of
2x2.§ cﬁz. Through an Al foil mask, four triangular Al areas
were e;aporated on the films to form ohmic contacts (as shown in

Fig. 3.7). After the Al evaporation, a layer of Wood's 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 holder

/

and the four contacts were carefully seldered with, four f?ye Cu
q (

wires attached to‘thq\sample holder. The measurements were

"\
25
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carried out as following. First, the resistivity of the sample
was measured by passing a current throuéh two adjacent contacts
(e.g. a and b)‘and me;suring the potential across another two
céntacté(c an% d)., Four measureﬁents were made anQ‘Fhe
resistiVit& value for each set was calculated usfhg equation
3.10. The final value, for resistiv%ty was obtained by taking the
average of Fhe four values. After that, the sample was put into
the magnetic (field. A current was passed through the two contacts

located at thé& 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 magnétic field and the same

measurement was repeated under zero field condition. From the

difference of the two resistance values (one with magnetic field
; .
and the other without), thezHall coefficient was obtained. For

the Hall coefficient determination, again, two sets of
measurement were made for each.sample and the "average value was
)

taken.

-

In order to obtained reliable result§,.several requireménts
for the Hall effect measurements usSing 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
film thickness is uniform and free of hole [3.5]. 1In our
experiments, the actlve area of the films @as isoléted from other
unwanted region by scratching the films. This was done also to

make sure that the contacts were sufficiengly small and located
<

0
‘
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at the edge of the active area (see Fig. 3.7). Since the
o

thickness of our.- Zn0 films was not very uniform, The thickness of
. \ ’
the centiral region was used for the subsequent calculation.

- -

) For most of the Zn0” samples, the measurements were carried
out Sy using of the two\.Hg multimeters and the readirclgs were
recorded manually. In the final stage of the expefiments, a Umac
5000 analogue computer connected to an IBM PC was uséq to ﬁbasu}e
the current and the vof%age values. The constamrt current required
for the measurements was also sent by the Umac. Ail the

calculations were done by the Umac computer and the results were

printed by using“a EPSON 800 printer.

- 4]
Using the . easurement method described above, the

properties of the Zn0O films were studied and the results will be

\,
presented in next chapters.
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4.1 Introduction

For photovoltaic aéblications, it is necessary to have a

window materiwal with 1low resistivity and high optical

transmission values. The“électrigal and optical properties of the

znO'thin films containing In and Al! prepared using the technique

o

described in chapter 2, will Bg‘presented'in this chapter.
Results on the film thicknesses and the crystalline quality will
first bhe described. Following “that, results‘afgopticgl and

electrical measurements on the 2n0O thin films with different
l -
doping concentrations will be presented. For the horizontal

sampies, a positional effect on resistivity will be specially
described. Finally, results of Hall effect measufements of the

doped 2n0 films will be discussed. J

4.2 Thickness Measurement
»

+E
+

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

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

doped samples are shown in Fi%. 4.1, where it is clearly seen

that the films are not uniform along the substrates. In the

2 23
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@ central region, the thickness is much greater than that in the

outside area. This effg;t/fﬂ;7§pecially pronounced for the two
samples deposited é\ horlzontal substrates. For the ‘samples
deposited on vertical ) substrates (deposition time 6 hr.), the
thickness and its varlaslon are sggn to be small. The same
thickness measurements weie also car;ied out on Al-doped Zn0O thin
fllms and the results are shown in Fig. 4.%. Again, it is seen
that the thickness wvalues for the two horizontal samples-are
ﬁlarger~than that for the vertical ones. Furthermore, the
thickness Variation for the horizontal samples is larger than
that for the vertical ones. In:order to é%nfirm the thickness
results described above, measurements were also carried out by
using a f)ektak surface profiler. It was found that the values

5]
obtained from'the optical measurements are consistent with that

ey

2T
et

£

\

using the Dektak surface profiler. Vg

It is thus conflrmed that, for the rf sputtered 2Zn0O thin

2

films on horizontal substrétes, the thickness of the central

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

variation is due to the small size of the target used in our

laboratory (diameter of the target is 4.2 cm). -
. K , r

¢

S SRR

1

‘4.3 Crystal Structure of ZnO film¥ g

In order to determine the crystalline quality- of the
- /7
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deposited 2Zn0 films, several samples were examined by X-xay g

diffractipn. ?he results,fo; three Zn0 samples doped witP 2 w;%
In are shown in Fig. 4.3. Curves <{a) and (b) were obtained for
two =amples cut from different pa;ts of a horizontal substrate.
Curve?(c) was obtained for a vertical one with a thickn'essL
‘comparégle to that for sample (b), There are two diffraction
peaks for each sample. Thelrelative,intensity of the oné at 28 of
about 35° is much greater than that of the one at about 70°. This

&samples

intensity effect has been found for qll of the
investigated. By comparing with ASTM data, the 2n0 films

deposited wusing the 'rf magnetron sputtering method in our-

\laboratory were confirmed to be polycrystalline with a wurtzite

structure. Furthermore, the fil@y was f7ﬁ5@\to have a (002)
preferred orientation. These results are consistent with that
reported by other researchers [4.1]. )

In Fig. 4.3, an intensity difference is also seen for the
two samples obtained from two different regions of thenhorizontaf
substrate. The height of the diffraction peaks for the samples
selected fromgthe central region is greater than ,the outér
samples. This differenc? is believed to be due mainly to the
difference in thicknesses. For all of the vertical samples
examinea, the\positions of the peaks were observed to bgathe same
as the ones, for the horizontalAsamples. These X-ray results thus

suggested that the preferred growth orientation of the ZnO films

on substrates without an intentional "heating is essentially

4
.

i
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independent of the substrate orientation. It is worthwhile to
emphasize that the thickness of the vertical sample (c) ia

approximately the same as thaF for the horiéontal sample (b). The
- / s
height of the diffraction-peaks for (c) is greater than that for

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

is superior to the horizontal one. g

In order to determine the effect of indium in 2zZnO films,
)
'several horizontalosamples with different In concentrations were

\Jalso examined by the X-ray diffraction. For each selected sample,

Lhe lattice constant obtained from the main diffraction peak was
A}

used to deduce the incremental lattice constant which is plotted

as a function of In concentration in Fig. 4.4. One can clearly
~ \

see that the incremental lattice constanfqﬁncreases.with the

increase of In concentration. This effect isnbelieved to be due

to the large atomic weight of indium atoms added.

v

4.4 Optical transmission

»

o

Fig. 4.5 shows the optical transmission coefficient versus

wavelength for a 2Zn0 thin film doped with 2 wt% In and with a
{

thickness of about 1 micron. It is seen that the transmission

‘values increase as the wavelength is increased from 0.4 micron

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

is increased further from 0.5 to 0.8micron, the transmission

38 > =
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values remain =2ssentially constant. Forvthe ZnO films with highef
In concentrations, the optical transmission valﬁes 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 greéter than that for the one

with 2 wt% In. Furthermore, the transmission values in fﬁe range
A

“from 0.5 to 0.8 micron are only about 80% for the sample gith 5.3

wt% In. This transmission difference could be due to an increased
free carrier absorption in the heavily doped ZnO film [4.2]. The
optical transmission characteristics of Al-doped Zn0O thin films

ko)
were also mgasured and the results were found to be similar to

o

the In-doped ones.

4.5 Resistivity %

As it was mentioned in chapter 1, for photovoltaic
applications, low resistivity window materials are required. For
the ZnoO filﬁs, the required low xresistivity can be achieved
either by controlling the stoichiometry or by introducing
impuritiés. In this section, effects of doping on the electrical
resistivityKQill first be described. A positional effect of

resistivity found in the pfesent work will then be introduced.

39




A,
4.5.1 Doping Effect

w*

e
different In concentrations were examined by the four point probe

meéhod described in section 3.4. The films used were aeposited,

under the fixed conditions and the central areas of the sam?les
were selected for the measurements. In Fig. 4.7, the rafistivity
of the In-doped ZnO thin films (deposited on horizontal
suéftrates) %s plotted versus the In concentration in the tar%et.
Here we céﬁ see that the resistivity wvalues of the undobe? Zno
films are relatively high. As the In concentration is increased
to 0.5 wt%, the resistivity decreases to a value of about 0.5
ohm-cm. When the In concentration is increased 'fl;rther to 5.3

o Q
wts%, the resistivity decreases by about 2 orders of magnitude.
The overall resistivity decrease thus amounts to about 3 orders
of magnitude. Therefore, it is very clear that In is an effective

dopant for the 2Zn0 thin films. For the deposited horizontal ZnO

)
o

films with In, the lowest room temperature resistivity observed
was 2.65x1073 ohm-cm. A similar doping effect was also observed
for the 2noO fil?ﬁ contain%ng Al. For the Al-doped films, the
resistivity was found to-reduce by about 3 orders of magnitude

when 2 wt% Al was introduceZ into the 2ZnO target.
v

3

(-4

4.5.2 Position Effect . . -

40

In order to study the doping effect in Zn0O, films with
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, As described in section 4.2, thickness of the 2ZnO films was

.

dependent on the position of the substrates. Therefore, it was
important and ﬁnterestin% to investigate the variation of
resisfivity with position, especially for horizontal samples. For -
the horizontal sémples, the resistivity was found to vary greatly
with the substrate position. This effect is shown in Fig. 4.8,
where(the resistiv;ﬁ& of three samples doped with 2 wt% In is
plotted, versus distance from thefsubstratg center. The
resistivity values of these three samples are relatively high in
the central region and are low in- the outer region. The
resistivity ratio of the two regions is as high as 2—-3 orders of
magnitude. Therefore, for low resistivity Zg; film depos%tion,

the substrate muét be located in the region about 2.cm from the

target center.

N

-

This positional effect on resistivity can be understood“q?
follows. In the central region, the impinging particles have é:b
large vertical\mgmentum component to the substrate. In the outer
region, the substrate is not inside the main area of direct
projection of the target. Therefore,'the vertical momentum
component is smaller than that in the central region so that the
microscopic quality varies with the distance. Tﬁe variation of
théﬂ?quality results in the variation qf resistivity with the
distance. These results are similar to the results reported by
other résearchers (1.171.

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

wEp - -

/ N
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also measured versus the distance from the center and the results
for three samples 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 ‘entire region. For the other sample, the
resistivity incfeases by a factor of 5 with the distance. Fhe
lowest resistivity value is seen to be about 2x10-3 ohm-cm..It is
interesting to note that, although the vertiéal films are thinner
than the horizontal ones, the resistivity values}pf the vertical
films are generally lower. The lowest resistivity value was
obtained on a vertical sample with 2 wt% In (room temperatute

value was 3x10-4% ohm7%m). Resistivity meaSurements of Al-doped
/ / < <
zl0 films were also made by g4heé four point probe method. Very

similar results were found for the horizontal samples (shown in
Fig. 4.10). In Fig. 4.10, the resistivity values in the central

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

region and the resistivity difference is about 2 orders of

magnitude. P

4.6 Hall _ Effect ~

{ N

nAlthough the four-point probe method is simple in yielding
resistivity resu%ts, however, carrier concentration aéd mobility
values can not be deduced. In order to obtained concentration and
mobility information, ‘the ZnO films have been examined by using

*\7 ) -
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the Van der Pauw method® described before and the results are

presented in this section.

4.6.1 Dopiné Effect
For the Van der* Pauw measurements, samples with different
In contents were selected from substrates logated at about 3 cm
from the target center during the deposition. Resistivity results
\
obtained on these samples are shown in Fig. 4.11. In this figure,

s

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 resulté, it is clear that
the resistiv{ty of ﬁhe films is dominated by the positional
effect when In concentration is small. Effect of doping becomes
more impo{tant only when In concentration exceeds 0.5 wt%.
Carrier concentrationﬂvalues were also obtained on thése samples
and the results are given in Fig. 4.12. Here, the' variation of
carrier concentration with the In concentration in theltarget is
obvious. The carrier concéntrétion increases by one order of
magnitude as the In concentration is increased from 0 to 2 wts.
However, when the In concentration is further increased from 2 to
5.3 wt%, the carrier concentration remains roughiy constant. ,

The carrier mobility of these ZnO films versus In content

is shown in Fig. 4.13. The mobility values are relatively high
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for both the undoped films and those with 0.5 wt% In. The value

detreases and remains roughly constant for the films with a In

consgﬂtration from 2 to 5.3 wt%.

For Al-doped zZnO films, results of resistivity were also

\

obtained by the Van der Pauw measurements. The results 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 conclusions are therefore obtained. (1) For the

>

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

,resistivity o@\ZnO thin films is decreased by the addition of\In

and Al. (2) The cariﬁér concentration of the films increases when
the In concentration is increased. (3) The mobility decreases by
a factor of 5 as the In concentf&%ﬂon is increased from 0 to 2
wt%. The concentration increase with doping is believed to be due
to fhe substitution of Zn atoms by group 3 elements (In or Al)

N/, .
which create donor levels. For the undoped films, the excess Zn

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

the increased carrier concentration appears to be due to the
combination of these two effects. Although the carrier
concentration increases as the doping concentration is increased,

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

of impurities.
. X

4.6.2. Position Effect
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The Tn- and Al-doped (2 wt%) 2nO thin films deposited on
the horizontal substrates were also studied b;)the Van der Pauw
method. Several films were selected and six s?mples were cut from
each film/ﬁgr tge measurements. )

»The results obtained for two different substrates are shown
in Fig. 4.14. here, itﬁas seen that the results are roughly
consistent with the results obtained from the four-point ptgbe
measurements described in section'4.5. In the central region,
resistivity values are relatively high and the values are low in
the region away from the center. In Fig. 4.1f, an increaseaof
resistivity is also*seén in the region beyond x=3 cm, possibly
due to a small sample thickness in this area (less than 0.2
$icron).

'Tve mobility of the znO films was also found to vary with
the distance from the center (shown in Fig. 4.15). In the central
region, low mobility values are resulted due to the high vertical
impinging momentum of ZnO molecules or atoms. Ingkme region of 2
to 4 cm.from the center, the mobility is relatively high. In the
region beyond x=4 cm, the thickngss is small and the mobility is
also small [3.1].

The carrie£ concentration of the\ZnO films was  found 10
remain roughly constant-with the distance (see Fig. #4.16). It%is
-3

also noted that the concentration is greater tﬁan 1020 cm

throughout the films.




Jhorizontal glass substrates, the thickness

l (-gzgl

From, the results described above;, it is clear that the

variation of. resistivity with distance in the doped ZnO filmg is

.mainly dqé/tp the mobility variation. For these films, the
/

cérfier concentration remained roughly constant through out the

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

to\the difference of the vertical momentum for’ the impinging

molecules or atoms. In the central region, the impinging

molecules or atoms have a high perpendicular momentum and

resulted in a large defect density in the films.pTherefore, tt;\
n

mobility was relatively low. In the outer region, the impingi
molecules or atoms hit the substrate with a relatively small

perpendicular momentum and formed films with better crystalline
’ ®

\

guality.

~ -

4.7 Conclusions ;
By using the rf magnetron'sputteiing technique, go;d
quality ZnO thin films have been obtained on both vertical and
horizontal glass substrates. For the filgs deposited on the
l?%ried with distanée

from the substrate center. In the central regioﬁ, the typical
thickness was about 1.5 microns. The thicknes; was about 1 micron

1

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

microns for a film deposited for a period of 7 hr. For the-
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veritical samples, the thicknesgr;;; reiatively smaller than the
horizohtalfones. Furthermore, the thickness values obtained from
the opéical measurementé were found to be consistent with those
obtained by using the Dektak surfacg profiler.

. The X-ray results; indicated that Zn0 films erosited both
on the Vertica; and horizontal s lstrates were polycrystalline

with a wurzite structure. The {wo characteristic peaks observed

in the range 26¢80° indicated that the ZnO films have a (002)

preferred orientation. The optical transmission values of 2nO
9 N

thin films yere up to about 90% in the visible waveleﬁgth range
with a ct-off value at about 0.39 micron, This cut ‘of £
wavelength value was roughly consistent with the energy gap value
of polycprystalline Zno. Furthermore, the impurity concentration
was observed to affect the optical transmission(@alues. The
higher the impurity concentrafions, the smaller the transmission
values. ' ' . .

The i)resent results also confirmed that In and Al are
effective dopants (both are group 3 elements) for low résistivity
znO thin films. The resistivity of the ZnO films was greatly
reduced by introducing In or Al é}nfo the films. For the fﬁi‘lmrs
with 5.3 wt% In, the resistivity in-the central region was found
to be about 3 orders of magnitude lower than the undoped ones,

An interesting positional effect on re:’sistivglty was also
found for the doped horizontal samples. It was observed that the
resistglvit\y of the films decreased monotonically with the

™ o ‘

.,

L,
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distance from the substrate center. The resistivity rat%o»of the

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

o \

magnitude. In the outer region, the lowest resistivity value was
about 1x10~3 to 3x10-3 ‘ohm-cm for the films doped with 2 wt% In.
It was also found éhat the reéistivity can békéufther decreased
Ey depositing on VeréicaL substrates. For guch fi;ms, a valde of
3x10?§ 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 resistivity

variation along the zZnO films Qas the mobility change in the

gamples. The carrier concentration was observed to be almost

lébnstant along the substrate. Results on the films with different

dobing concentrations also showed that the carrier concentration

z

increased monotonicdlly with the doping concentrationf\gowever,
- A

high mobility values were obtained only on samples xith a lower

J
doping concentrations.

N
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Fig. 4.1 Thickness of In-doped 2nO films plotted as a function of
distance from the substrate center, showing a continuous

decrease of thickness.
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< Fig. 4.2 Thlckness of Al-doped 2ZnO films plotted as a function of

distance from the substrate center.
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Fig. 4.3 X-ray diffraction results of three ZnO films
doped with 2 wt$% In. .,
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CHAPTER 5 EFFEGTS OF HEAT TREATMENT ON Zn0O FILMS
/C
5.1 Introduction

o

Thermal stability is a very important parameter for

semiconducfor window materials. This is especially true for the
films used in solar cells which nogmally are operated in
atmosphere under severe conditions for a long pex.:“iod of time.
Good thermal stability is also important for the films during

device fabrication which is usually carried out at elevated

temperatures. o~
K Forthndoped low resistivity ZnO thin films, the electrical
resistivity was reported 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 magnitude after
a heat treatment at 400°C in vacuum. The increase was even
greater when' treated in air. Furthermore, they reported that the
resistivity of a 2ZnO thin film containing 2 wt% Al remained
essentially constant under\tﬁe same heat 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 a£\elevated temperatures in air.

For solar celli fabrication involving I-III-VI, compou;ds

like CulnSe,, a heat treatment in air at about 200°C for several

hours is usually needed to improve the junction performance. This
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heat treatment will not only affect the characteristics of the
junction but also the electricél properties of window material.
In order to determineNthe stability of~ the low resistivity 72nO
films prepared in the present work for the solar cell application
with CulnSe,, heat treatment experiments have been carried out.

The results obtained are reported in this chapter. /
| ) <F\\\\\\\\\v/f/

5.2 Doping Effect and Air Heat Treatment
) L \

N
v

In order to study the effect of In doping on the thermal
stability of ZnO, several films with dffferent In concentrations

were* selected and heat. treated in atmosphere. During the

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

-

temperature range for the Blue M oven is from 25 to 2500°c.
Several samples were first selected and placed in a glass
dish with & glass cover. The oven was pre-heated to 250°C and the
container with the samples in it was then placed anto the oven.
After a period of time (for example, 10 minutes),gfhe glass dish |,
with the samples was removed and wraﬁ%@i by a cotton cloth tg
cool slowly (at least 20 min.). The room temperature resistivity
of theasamples was then measured by the four-point probe method

N :

* Product of Blue M Electrical Company.

\ / Al
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described before. After the measurements, the heat treatment and
electrical measurements were repeated.

The results for several 2znO films with different In
concentrations treated at 250°C using the procedure described
above are ghown in Fig. 5.1. The change of resistivity with the
heat treatment time is seen to be dependqent on the Id
concentrations. For the undoped ZnO film, the resistivity
increases by two orders of magnitude after the first \heat
\ the

treatment (10 min.) and the value contifiues to increase wit

heat treatment time. However, the resistivity of the Zn0O film

containing 0.5 wt% In is seen to increases only by 1 order ‘of
magnitude. The increase of resistivity decreases with the I

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

resistivity remains roughly constant during the complete heat

treatment procedure.

For the undoped Zn0O films, the donor levels are created by
oxygen vacancies [1.12]. During the air heat treagpent, oxygen

i

atoms .can easily diffuse %nto the films and(muampénsate these
donor levels. For the doped films, however, most of donor levels
are created by impurity atoms and it is believed tﬁét these are
not easily compeﬂsated by oxygen atoms at 250°C. Therefore, the
resistivity remained constant for the heavily doped ZnO films.
From the present results, it is quite evident that the doped 2Zn0O
films are much more stable than the undoped ones when treated at

250°C in air.
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5.3 Orienta?}on Efgect

As mentioned before, the resistivity of the vertical ZnO
samples was lower than that for the horizontal ones. Such low
resistivity 2n0 films are attractive for photovoltaic cell "
fabrication. Therefore it is interesting to know their thermal
stability in air. The heat treatment experiments have been
carried out and the results are described below. .

Horizontal and vertical 2ZnO films with 2 wt% In were first
selected and treated in air at 250°C using the procedure
dgscribé’d before.m_The results obtained for two horizontal and two
vertical samples are shown in Fig. 5.2. Here the sheet resistance
is plotted versus the heat treatment time. For the two vertical
samples, the sheet resistance is seen to increase by about,2
orders of magnitude after the first 10 min. heat treatment.
However, the sheet re‘si“stance of the two horizontal samples
remained roughly constant during the heat treatment process.

ﬂAlthough the difference of resistance change betyeen the
horizontal and the vertical samples was quite significant,
however, it was suspected that this was due to a large difference
in thickness. Ful‘thermore, 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 résults are shown in Fig. 5.3. We
can see that the resistivity of thefvertiéal sample again
increases by 2 orders of magnitude after the first 10 min. heat
treatment and remains approximately constant during the
subsequent process. For the horizontal sémple,.the resistivity

l

remains essentially. constant during the complete treatment
!

procedure. Tyégg@ore, the above results suggested that the
S

[
far

difference in the resistivity variation between the vertical and
horizontal samples is mainly due to an‘orientation effect.

The observed substrate orientation effect could be due to
the following reasons. The density of donor levels from oxygen
vacancies for the vertical samples could be greater than that for
the horizontal samples. During the heat treatment, the oxygen
vacancy levels were compensated by the diffused oxygen atoms.
This effect resultell in a drastic decrease in the free carrier
concentration énd therefore the large increase of resistivity for
the wvertical samples. From the results degcribed above, it 1is

thus clear that the horizontal Zn0O films are more stable than the

vertical -ones during the treatment in air.

5.4 Temperature Effect

In order to obtain further infofmatjon on the stability of
the doped ZnO films, several horizontal samples have been tyéated
\vz_? :‘:: o
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in air at different temperatures. The tehperature—dependent
experiments were made in a range from 260 to 350°C in a ;tep of
509C. For the treatment experiments at temperatures beloJ 250°cC,
. the Blue M oven 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 éxpﬁriments, the selected samples were placed in a
Pyrex-tube. The tube with the selected samples were inserted into
the furnace and kept in the furnace for a fixed period of time.
After the treatment, the tube was removed from the furnace aqd
the samples are allowed to cool slowly. N
The results obtained for six samples are shown in Fig. 5.4.
The: sheet resistance is seen to remain constant at 200°C (results
at 250°C which were not shown were also found to be essentially
constant). For the two samples treated at 300°C, the sheet
resistance increases by 1 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 is consistent with the previously described
effect of enhanced oxygen’diffusion at the elgvated temperatures.
From the results described above, it is cléar that the air heat
treatment of devices involving low resistivity Zn0O films must be
carried out at temperatures below 250°C in order to avoid the

.-

drastic dncrease of resistivity.

Al

ﬁoweverv the observed temperature-dépendent resistivity

\ “
%

~
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variation also could be due to a variation of the crystal

quality. To check this factor, preliminary X-ray éiffraction.
exﬁgrimenbs 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 350°C 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 250°C, the résults are
similarly to the ones ireated at 350°cC. The présent X-ray

results suggested that the resistivity change is not directly

relevant to the change in crystal structure.

y .
. \

5.5 Optigal Transmission

After the air heat lréatment, it is also very interesting

to know whether the optical transmission values are affected. The

-~ optical transmission values of several selected 2znO thih films
with 2 wt% In were measured before andvafter the 2 hr. air heat
treatpent at&ZOOOC and the results for one of the samples are
shown in Fig. 5.6. We can see that the optical transmission
coefficients of the ZnO film are essentially not affected by the
heat, treatméﬁt. This result further confirmed that the doped ZnO
jfilms are very\| stable window materials for optoelectronic

devices.
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5.6 Effect of Different Treatment Gases omrr ZnO Films

L]

In order to determine the main reason for the increase of
resistivity of £he Zn0 films after' the high temperature air heat
treatmént, several ZnO thin films containing 2 wt% In @eré heat
tfeated in pure O, and pure Né. The experiments were carried out
as follows. First the samples were cut into pieces with a size of
2.5%x2 cm? and{the room-temperature resistivity measured. The heat
treatment experiments were carried out using a set-up shown in
Fig., 5.7. It included a resistively heated furnace, a quartz tube
with a diameter of 2.5 cm and a temperature controller. For the
heat treatment in nitrogen, the samples were first introduééd
into the low temperature part of the tube located outside the
furnace. Nitrogen gas was then passed throuéh the tube at a rate
of about 0.4 liter per minute for at least 10 min. £o minimize
the oxygen content. The part of tube with the samples was moved
to the high temperature zone %nd treated for a period of 10 or 20
min., After the heat treatment, tﬁe paft of the tube containing

the samples was moved to the original position outside the

‘furnace to cool. A copoling 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

1
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hydrogen heat treatment, nitrogén'was first allowed to flow
through the quartz tube for at least 10 Win. before introducing
hydrogen. This was done in order t9 avoié the fermation of a H,
and O; mixture which is very dangerous at high temperatures.
After the firsé 10 min., H, valve was turned on and the rate
controlled to about 0.2 1l/min. and the N, valve was closed. The
Ho flow was continued for another 10 min. before moving the
sample; into the furnace for the treatment. After the heat
treatment, the tube was withdrawn from the central region of the
furnace and the H, flow was allowed to continue for at least 10
min. Then the H, valve was closed and N, was allowed for another
10 min. After the complete procedure, the samples weré removed
from the tube. i i

Results of the low resistivity 2ZnO 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 magnitude after a period of 2 hr. foé
the two samprgs treated in oxygen, the resistiyity increases
'drastically after the first 10 min. of heat treatment. The
resistivity,;ontinues to increase during the subsequent heat
treatment”’process. .

;

Under norm;l conditions, the oxygngboncentration in air is

about 21% (by'volume). Therefore, at the same heat treatment

-

temperature, more oxygen atoms (or molecules) in oxygen can
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diffuse into the ZnO films to result in the large résistivity
increase. From the above results, it; is, clear that the
resistivity increase in air at high temperatures is mainly due to

‘ )
the diffusion of oxygen into the films.

In Fig. 5.9, results of In-doped Zn0 thin films treated in
air and hydrogen are shown. For the on“es treat;ed in air, again
the re;;istivity is seen to increase by three orders of magnif:ude
after a period é:(;f 2 hr. For the two samples treated in hydrogen,
however, the resistivity wvaries only very slightly. The results
obtained further confirmed the o‘xygen effect. For the films
treated in hydrogen, somé of the oxygen atoms in the films may
react with the hydrogen atoms. So?the fesistivity of the 2ZnoO

%
films decreased slightly during the initial hydrogen heat

treatment experiment. ‘

The high resistivity 2n0O films obtained :after the air and
oxygen heat treatment were also treated in hydrogen. After a
period of 40 min., the resistivity o;E the ’éamples returned to the
original value. Resistivity values of some of the samples were
found to be even lowér than the original ones.

The‘resistiv‘ity decrease during the hydrogen treatment can
be understood as follows. During ‘the heat treatment, hydrogen
atoms reacted with oxygen atoms in ZnO films and created new
oxygen vacancy levéls to give rise to an increase of the free
car';:ier cfoncentration. This effect is espéecially pronounced for
the h:clgh\ resistivity 2ZnoO ffil\g‘is obtained after the heat treatment

~ ©
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in an environment containing oxygen. In such himl resistivity

“

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

atoms. During the hydrogen heat trfeatment, donor 1levels were

created again and the resistivity was greatly reduced.

Similar experiments were carried out at 350°€ on Al-doped

ZnO0 films and the resultsvare shown in Fig. 5.10. The resistivity.

of the two 2n0O films remains constant for the héat treatment in
nitrogen. For the samples treated in air, the resistivity is seen
to increase by about 2 orders of magnitude after the 2 hr. heat
treatment. For the two samples treated in oxygen, the resistivity

increases by about 4 orders of magnitude. The results shown in

'Fig. 5.10 are seen to be similar to ‘those given in Fig. 5.8 for

the In-doped samples.

5.7 Effects of Heat Treatment on Carrier Concentration and

1 F

Mobility
In order to obtain more infoématﬁon about the variation of
resistivity of 2Z2n0O films after the heat treatment, electrical
measurements were carried out using a Van der Pauw method.
Several samples*treateq in hydrogen and air at 350°C were
specifically examined. R

For the In—déped“ZnO thin filmsg, the results of carrier

concentration versus the heat treatment time are shown in Fig.

75 . .
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5.11. For the samples treated in air, the carrier concentration
of the films is seen to decrease by about 2 orders of hagn}tude£

\
after the 2 hr. heat treatment. For the two samples treat%d in

\

«

hydrogen, however, the carrier concentration remains constan?. In
Fig. 5.12, the mobility of of two an films treated in air is
also seen to decrease by 2 orders of magnitude after the 2 hr.
‘heat ireatment. For the two sahples treated in hydrogen, the

mobility of charge ﬁﬁrriers does not changé during the heat

treatment process. / .

’

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
concenffation variation is not very significant. However, the
mobility decreases by about 2 orders of magnitude.

For the dopgd films treated igfair at 350°C, the increase
of resistivity amounts to about 3 Srders of magnitude. It is
believed .that during the high temperature air heatltreatment of
theéé filmsh not only the oxygen vacancy levelstare compensated,
some impurity levels “are also compensated by the excess oxygen

atoms. . -
4

) The difference in the change of carrier concentration

>

between In-~ and Al-doped ZnO films could be due to ‘the difference
- N N

of atomic conc%ntration of impurities. Because the Al atomic

concentration in the films with 2 wt$% Al,03 is about 3 times of

In atomic concentration in the films with 2 wt$% In,05.
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5.8 Conclusions N L

™

4

The thermal stability of ZnO thin films-deposited by the rf

sputtering method on glass substrates has been studied. For the

Zzn0 thin films with different doping concentrations, the thermal
stability in air at elevated temperatufes is quite different. The
resistivity of the undoped films increased drastically during the
initial period of' air heaf treatment, Fof the heavily doped ones,
the resistivity remained roﬁghly constant during the Héat
treatment process; For the doped 2znO thin films, there was a
large difference between the vertical and horizontal samples. For
the vertical ones, the resistivity remained roughly constant
during air heat treatment at temperature below 250°C. éor the
vertical ones, however, the resistivity values increased by about
2 éfders of magnitude after the first 10 .min. of heat treatment.
Therefore, the present resuits revealed that theul?w resistivity
doped ZnO films deposited on horizontal substrates are much more
stable -than the vertical ones,

For the doped horizoqtaﬁ samples, the increase of
resistivity was also found to depend on the heat treatment
temperatures. When the heat treatment was carried out at a
temperatu;e above 250°C, the Eesiétivity values increased
continuously with the heat treatment time. For example, for the

samples treated at 350°C in air, the resistivity values increased

LY
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by more then 3 orders of magnitude after a period of 2 hr.
Therefore, in order to avoid the rapid increase of resistivity of

the ZnO thin films, the heat treatment should not be carried out
€

at temperatures above 250°C.
From X-ray diffraction experiments, the crystalline quality
of the ZnO fflms deposited in the present work was found to be
essentially not affecged by the ai? heat treatment. The optical
r)transmission values were also observed to remain essentially

constant after the air heat treatment experiments. The present
results thus suggested that the 2Zn0 films are stable window
materials for photovoltdic app}ication.

The heat éreatﬁent experiments carried out in different
gases confirmed that the increasé of resistivity of the ZnO films
was mainly due to the diffusion 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

I3

by a hydrogen heat treatment.
The resistivity increase of the In-doped 2ZnO thin films

during the Pigh temperature %ir heat treatment_was observed to be
due to thekdecrease of mobility and carrier concentration. For
the'ﬁl~doped Zno ﬂilms, slightly diffgrent results were observed.
The increase of resistivity in these films was mainly due to the

decrease of mobility. Finally, the hydrogen heat treatment was

fourrd to maintain the mobility of the films.
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CHAPTER 6 CONCLUSIONS

Several important conclusions arising from%the present

*

research work on 2ZNhO thin films have been obtained and are

-

summarized below.

substrates by using the rf magnetron sputtering technique from
the pressed Zn0 powder targets containing In and Al. The glass
substrates were placed either parallel or perpendicular to the
target surface. Thg typical film thickness of ﬁthe horizontal
samples is about 1 micron for a deposition time of 120 min. The
thickness values of the vertical samples were smaller than that.
of the horizontal ones under the same sputtering conditions.\

(2) From the X-ray diffraction results, it'@;s configﬁgd
that all of the ZnO films showed single phase characteristics
with a preferred (002) orientation. The relative intensity of the
(002) peak Ancreased with the increase of the film "thickness. The
X-rays diffraction patterns for the vertical sahples were similar
to that for the horizontal oﬁés._Furthegﬁ%re, the X-ray results
were not affected by the air heat treatment. )

(3) The optical transmission values of the low resistivity
2n0 films were determined over the visible range from 0.38 micron
to 0.8 micron. The cut-off wavelength was about 0.38 micron

(corresponding to the energy gap of polycrystalline 2nO, 8 ev)

and the transmission values in the wavelength range from 0.5

93.

(1) Good quality 2n0O films have been deposited on glass 
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mféion to 0.8 micron were about 90% for ZnO films doped with 2
wt® In. The values were found to be relatively lower (80%) for
the films with 5.3 wt% In. From the present heat treatment
results, it was also confirmed that the 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 cent;al region of the samples, the
resistivity was reduced by about three orders of magnitude when
In concentration in the target increased from 0 to 5.3 wts.

(5) The electrical~resistivity of Zn0 films was also found
to be aﬁfected by the position of “the subggfates. Generally, the
resistiv;ty of £he vertical samples was léwer thé% that of the
horizontal ones. For the horizontal samples, the resistivity was.
also affected by the distance from the center of the substrates.
The resistivity valued were found to reduce by 2 orders of
magnitude as the distance was 2 cm away from the center.

(6) From the Van der Pauw measurements, it was found that
the change of mobility was the main reason for the resistivity
variation along the substrate for the Ixmizontal samples. For
such samples, the carrieré 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 ZnO films was inversely proportional to the
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indium:concentration. The <carrier concentration of the heavily
doped Zn0O films was found to be much greater than that for the

[a)

undoped and lightly doped ones.

(Q) The doped ZnQ films weré observed to be more stable and
@
the stability improved as the doping concentration was increased.

The reason of the drastic increase of resistivity for the undoped

Il

u \
samples in the initial stage of the heat treatment 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

J

the impurity atoms which can not be compensated éasily at low
temperatures., ) )

(9) The horizontal samples were more stable than gﬁe
vertical ones at temperatures below 250°C in air. For the
horizontal samples, the resistivity remained roughly conséant.
For the vertical samples, the resispivity increased b& more than

two orders of magnitude after the air heat treatment at 250 ©cC.

+

However, the resistivity of the horizontal samples increased
: ‘ 7
more than three orders of ﬁéyﬁffésé after a treatment for a

period of 2 hr. at 350°C. Therefore, in order to minimize the

resistivity incfease, the treatment temperature must not exceed

250°cC. .

(10) For the 2n0 films with 2 wt% In, the main reason for

the resistivity variation duriny. the high temperature (350°C for

<

example) air heat treatment was the decrease of carrier mobility

1
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and concentration. For ZnO films with 2 wt% Al, the resistivity
increase was due maihly'to the decrease of carrier mobility.

(111) Heat treatment in h}:dr en was found to reduce the
resistivity of ZnO films. It is interesting to note that the
resistivity values of high resistivity 2ZnoO filr;xs result;ed from
the nhigh temperature treatment (in air or oxygen) can be greatly
reduced by the hydrogen treatrp_e&nt.‘

The present investigation on the rf sputteréd ZnO has shown
th‘is material tp be a good candidate for optoelectronic
applications. The required low resistivity for such application
can be easily o}:?tained by introducing impurities like In or Al
during the deposition. The doping also has an important advantage
in improving the thermal stability of the ZriO films. Therefore,

e
the doped 2n0 films can be incorporated in devicés i,nvolving
absorbing materials like CulInSe,. ‘

For‘de;kice application wifh CuInSe,, it is dimportant to
note that there is a large lattice mismatch between the two
materials. The 1attice mismatch Hbetween Zn0 and CulnSe, can be
reduced by introducing a layer of CdS or cdzns between -the 2ZnO
and Culnse, [1.6]. )

The carrier mobility of the present rf aéposi‘l%’éd ZnO films
is still low. More work therefere should be done ‘in order to
prepare films with higher mobility and high 6ptical transmisgsion
values. g Q\

> . {/ N )
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