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The relation between the microstructure, the orientation and the electrical properties of 
At-doped ZnO thin films deposited on the various kinds of substrates by MOCVD 
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Al-doped ZnO thin films were prepared on the various kinds of substrates at 600"C by MOCVD. The ZnO 
thin films on the fused silica and (lOO)MgO substrates oriented to the c-axis. The film on (012)Alz03 substrate 
had the (110) orientation. The resistivity of the undopcd ZnO film on the fused silica substrate was about 10° Q 

·cm at room temperature and was 10 times higher than that on (lOO)MgO substrate. The electrical resistivity of 
the film on the (012)Alz03 was 10·2 D ·cm and was the lowest of the three. The difference of the electrical 
resistivity among the films on the three kinds of substrates was caused by the difference of the carrier 
concentration. The electrical resistivity of the Al-doped ZnO thin films had the 1ninimum values for the 
temperature of Al(CsH702)3 vaporizer, and on the fused silica substrate the electrical resistivity was lowered to 
the order of 10 2 D ·cm. The change of the electrical resistivity was considered to be related to the orientation 
and the structure of the film<;. 

1. INTRODUCTION 

ZnO thin films have been applied to sensors, solar 
cells, SAW device, etc. [ 1] The orientation and the 
electrical resistivity are needed to be controlled in order 
to improve their device characteristics. However, the 
study of ZnO films has been mainly focused on the 
preparationofthefihns with low electrical resistivity at 
low deposition tempcrature.L2-4] Therefore, the 
relation between the orientation, the Inicrostructure and 
the electrical resistivity has not been made clear. In this 
paper, Al-dopedZnO thin films were deposited on three 
kinds of substrates by MOCVD by varying the AI 
content in the films and discussed with the relation 
between the electricalresistivity and the orientation and 
themicrostructureofthefilms. 

2.EXPERIMENTAL 

Al-dopedZnOthinfilmswerepreparedbyMOCVD. 
Zn(Csl:h02)z was used as the Zn source, the distilled 
waterandOzas the oxygen sources andAl(Cslh0z)3 as 
the AI source. The deposition pressure and temperature 
were held constant at 1.3kPa and 600°C, respectively. 
Fusedsilica,(100)Mg0and(Ol2)Alz03substrateswere 
used as the substrates. The AI content in the film was 
controlled by varying the temperature of Al(CsHDz)J 
vaporizer [T(Al)] from80° tollOoCandkeepingthe 
other parameters constant throughout the experiment. 
Nz carrier gas flow rates for transportation of Zn 
(CsHDz)z, lliO and Al(CsHDz)J vaporizers were held 
constant at 100,70,30 ml/min, respectively. The gas 
flow rate of Oz was kept constant in 100 ml/min. The 
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temperatures of the Zn(CsH?Oz)z and HzO were held 
constantat 110o0md40oC,respectively. 

An XRD was used for the deterlnination of the 
orientation and the lattice constants of the films. The 
degreeoftheorientationwasdefinedby 

(the sUllilllation of intensity of orientational planes) I 
(the Sllllilllation ofintensit yof all planes) 
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Fig. I XRD pattems of the films on (a) fused silica, 
(b) (lOO)MgO, (c) (012)Ah03 substratcs 



The surface morphology was observed by SEM. The 
electrical resistivity and the carrier concentration of the 
filmsweremeasuredbythefour-probemethodatroom 
temperature and by the van der P.auw method, 
respectively. The eleetlical resistivity is generally 
representedbythecquation; · 

where pis electlicalresistivity ,cisclementary charge,n 
is carrier concentration, !-.!. is mobility. In our 
expelimentals, !-.!.was calculated by the equation using 
themeasurementvalucof pandn. 

3.RESUL TSandDISCUSSIONS 

3.1 The undoped ZnO thin films deposited on various 
kindso.fsubstrates 

Pig.l shows X -ray diffraction patterns of the 
undoped ZnO thin films deposited on (a)fused silica, 
(b)(100)Mg0and(c)(012)Ah03 substrates. Only (OOl) 
refraction of ZnO was observed in the case of the film 
deposited on the fused silica substrate as shown in Fig. 1 
(a). The obvious orientation parallel to the substrate of 
the film was not observed by X-ray pole figure 
measurement. This result shows that the film on the 
fused silica substrate had only the c-axis orientation 
perpendicular to the substrate, orientation of one 
dimension. In the case of the film on (lOO)MgO 
substrate, the strong (001) refraction was observed 
together with the weak (hOh) and (hOO) refractions as 
showninFig.l(b). The degree of (001) olientation was 
0.6-0.7 and the film with the perfect c-axis olientation 
was obtained at the substrate temperature of 620°C. It 
was ascertained by X -ray pole figure that (001) oriented 
grains had twodiffcrent olientationaldirections parallel 
to the surface. Thus thefihu on(lOO)MgOsnbstratehad 
orientation of three dimensions. In the case of (012) 
Ah03, ouly (hhO) refraction was observed as shown in 
Fig.l(c), so that the film had the perfect (110) 

Fig.2 Microstructures of the surfaces of the films 
deposited on (a) fused silica, (b) (lOO)MgO, (c) 
(012)Ah03 substratcs 

orientation. Thcfilmwiththeonlyonckindofdirection 
was observed by pole figure measurement These 
results show that the film on (Ol2)Ah03 substratc had 
perf ectorientationofthreedimensions. 

The microstructures oft he smtaces ofthe same films 
asFig.l areshowninFig.2. Onafusedsilicasubstrate, 
the film was made up of the distinct grains with 100-
200mn in size. On (lOO)MgO substrate, the similar 
grains to those on the fused silica substrate were 
observcd.1'hegrainsizewas200-300nmandwasbigger 
than that on the fused silica substrate. The 
microstmcture of the film on the (012)Ah03 had no 
distinct grains and had the flat surface as showninHg.2 
(c). 

Hg.3 shows the relation between the inverse of the 
electlicalresistivity and the carrier concentmtion of the 
films. The inverse of the electlical resistivity linearly 
increased with increase in the carrier concentmtion. 
This result shows that the mobility was constant 
regardless of the kinds of substrates, and that carrier 
concentmtioudetennined the electlical resistivity. The 
mobility calculatcdfrom the slope in the Fig.3 was in the 
orderofl 0°C1112V~ 1 S 1• 

1'hechangeoftheclectlicalresistivitybythekindsof 
substrates is considered as follows; The carriers of the 
uudoped ZnO have been generally considered to be 
generated by the nonstoichiometry of ZnO crystal. 
However, under the major deposition time, ZnO 
deposits on the pre-deposited ZnO film. As it is hatdl y 
considered the substrate influences the 
nonstoichlometry of the whole film, the non
stoichiometry was considered to be almost the· same 
regardlessofthekindsofthe substmtes. The mainreason 
is considered to be the stmctural difference among the 
films. The film on (0 12 )Ah03 substrate had the perfect 
three dimensional orientation and did not have the 
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Fig.3 Rrelation between the inverse of the electrical 
resistivity and the carrier concentration of the films 
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stmcture with distinct grains. Therefore, this film had 
the highest crystal perfection of the three, so that it is 
consideredthattheresistivitywasthelowestofthethree. 
Ontheotherhand,hothfilmsonthefusedsilicaand(lOO) 
MgO substrates were made up of the <\istinct grains. 
However, the film on the fused silica substrate had 
orientation of only one dimension, while that on (100) 
MgO substrate had partial orientation of three 
dimensions. Astheorientationofthefilmon(100)Mg0 
substrate was higher than that on the fused silica 
substrate, the electrical resistivity of the part of the 
junctions of grains on (lOO)MgO substratc may be 
considered to be lower than that on the fused silica 
substratc. Moreover, the effective thickness of the film 
caused by the stmcturesofthcfilmsisalso considered to 
affect the apparent electrical resistivity. The effective 
thickness means the actual thickness to influence the 
current ofthe film. The cff ecti vc thickness is considered 
toberelatedtothecrystalperfectionofthefilmalongthe 
film thickness, especially the part of the film near the 
substrate. Therefore, it is considered that as the crystal 
perfection becomes higher, the distortion part of the 
stmcturenearthe substrate becomes thinner. Asaresult, 
the effective thickness is considered to become thicker. 
Taking account of the results mentioned before, the 
order of the effective thickness of the film from thick to 
thin is considered to be as follows; (012)Ah03, (100) 
MgOandafusedsilicasubstrates. Theseresultssuggest 
that the apparent electrical resistivity is considered to be 
alsorelatedwiththeeffectivethickness. 

3.2 The AI- doped ZnO thin films on various kinds of 
substrate 

Fig.4 shows the relation between T(Al) and the 
degree of the orientation. The film ofT(Al )=0 QC means 
the undopedZnO film. As the Al content in the film can 
beconsideredtoincreasewithT(Al),sothattheincrease 
in T(Al) corresponds to the increase in the AI content in 
the film. The film on a fused silica substrate had the 
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Fig.4 Relation between the degree of the orientation 
and the temperature of Al(CsHJ02)3 vaporizer 
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perfectc-axisorientationbelow95oCofT(Al). Over95 
oc , (hOb) refraction appeared together with (001) 
refractions and the degree of the c-axis orientation 
becamelower. The degree of the orientation ofthe film 
on ( 1 OO)MgO substrate was almost constant to be 0.7. 
Ontheotherhand,inthecaseof(012)Ah03substrate,the 
perfect (hhO) orientation was kept with increasing T 
(AI). Then the rocking curves of the films on the fused 
silica and (012)Ah03 substrates, whose degrees of 
orientation were nearly 1, were measured. The half
width of rocking curve of (002) refraction on the fused 
silica substrate increased from 3.3° to 4.5° with the 
increase in T(Al) from o· to ll0°C. That of (110) 
refraction on (012)Ah03 substrate also increased from 
0.6T to 1.4° whenT(Al)increasedfrom0°Cto ll0°C 
On both films, the half-width of rocking curve changed 
with increase in T(Al). Therefore, it can be concluded 
that the lattice of ZnO became distorted continuously 
with increasing the AI content. Furthermore, the half
width of rocking curve of the fused silica substrate was 
widerthanthatof(012)Ah03inspiteof(002)refraction 
being lower angle than (110) refraction. Therefore, it 
can be considered that the film on (0 12)Ah03 substrate 
had the higher degree of the orientation than the film on 
thefusedsilicasubstrate. 

Fig.5 shows the relation between T(Al) and the 
electricalresistivity of the same films as showninFig.4 . 
1'heelectricalresistivitydecreasedwiththeincreaseinT 
(AI) below 95°C. The electrical resistivities at 95oCofT 
(AI) were 102 0 ·cm, 10 2 n ·cm and Hr3 0 ·cm on the 
fused silica, (lOO)MgO and (012)Al2D3 substratcs, 
respectively. Over 9S'C of T(Al), the electrical 
resistivity contrarily increased with the increase in T 
(Al). Even though the value of the electrical resistivity 
dependonthckindsofthesubstratcs,thctendencyofthe 



electrical resistivity change with T(Al) \Vas almost the 
same. The change of the microstructure, lattice 
parameter and the carrier concentration with T(Al) was 
investigatedonlyin thecaseofthefilm on thefusedsilica 
substrate,asfollows. 

Fig.6 shows the dependence of the surface 
morphologies ofthe fused silica substrates on· f(A 1 ). As 
shown in Fig.6(a), the undoped ZnO thin film had the 
distinct grains. The film of 95°C of T(Al) in Fig.6(b) 
made up of smaller grains andhad smoother surf ace than 
those of the undoped film (Hg.6(a)). In the case of the 
film of 11 OOCofT(AJ), the distinct grains were observed 
clearerthan95°CofT(Al). TherelationbetweenT(Al) 
and the c-axis lattice parameters of ZnO is shown in 
Hg.7. When AI was introduced, the lattice parameter 
decreased. However, the lattice parameter hardly 
changedwiththeincreaseinT(Al). 

Thecarrierconcentrationandthemobil:ityoftheAI
doped ZnO films on the fused silica substrate was 
measured by the van der Pauw method. The carrier 
concentration and the mobility of the film of 95oC ofT 
(Al)were9.01 Xl019em·'and3.3cm2V 1s 1 ,respectively. 
InthecaseofthefilmofllO"C, 1.18X1019 cm3 and0.74 
cm2V-1s·1 ,respectively. IntherangefromOo to95"C,the 
mobi1ities were almostthe same, so that the decrease in 
the electrical resistivity was caused by the increase in 
carrier concentration. As shown in Hg.7, the c-axis 
lattice parameter decreased when AI ions were doped. 
Therefore, Al ions arc considered to replace Zn ions of 
ZnOlatticeandgeneratecarriers. Over95oCofT(AI),in 
spite of the increase in the carrier concentration, the 
electrical resistivity decreased, so that the low mobility 
caused the high resistivity. In this region, the c-axis 
lattice parameterwasalmostconstant as sbowninFig.7. 
This means thatAlions incorporatcdin the film does not 
replace Zn ions in ZnO lattice. However, as the half
width of rocking curve increased and the ZnO lattice 
bccan1e distorted continuously with increasing T(Al), 
so that it is considered that Al ions existed in the films 
exceptintheZnsitesofthelattice.1nerefore,Alionnot 

Fig.6 .tvficrostructures of the surfaces of the films 
deposited on fused silica substrates as a fm1ction 
of the temperature of Al(CsH701)3 vaporizer,T(Al). 
T(Al); (a)0°C, (b)95l:, (c)l IOOC 

s 
I: 0.5210 

........ 
1:.. 
~ 0.5205 

5 
e:';l 0.5200 
1:.. 
Cl# 
~ 0.5195 
().) 
(.J i 0.5190 

.J 

i 
11 

............ lPowc 
fa 
n 

:o'N'-~ 
'"'< 

er 

~ 
0 <> 
~ 

.~ 05185 
0 70 80 90 lOO 110 120 il< 

11 

i Temperature of AI(CsH702)3 vaporizer I oc 
Fig. 7 Change of c-axis lattice parameter 
with the temperature of Al(CsH70z)3 vaporizer 

incorporated at the Zn site is considered to exist in the 
interstitial site of the ZnO lattice and/or outside of the 
lattice, grain boundaries. In both cases, the mobi1ity of 
the electrons is considered to decrease with the increase 
inAl content. As showninFig.6, the distinct grains was 
observed in the case of the film of 11 O"C . This 
microstructurechangemayberelatcdtotheexistenceof 
AlionsoutsideofZnOlattice. 

4. CONCLUSIONS 

At-doped ZnO thin films with low resistivity were 
prepared on the three kinds of substrates by MOCVD. 
The resistivity oft he undoped ZnO thin films depended 
onchangingthe kinds of suhstrates,and the change of the 
electricalresistivity correspondedwiththechangeoftbe 
catrierconcentrati on. This change was considered to be 
related with the micwstructures ofthe films ascribed to 
the kinds ofthe substrates. OnAl-dopedZnO thin films, 
the electrical resistivity change did the same behavior 
reO'ardless ofthe kinds ofthe substrates. Below 95oCofT 
(1-\b, the resistivity decreased with increase in T(Al) and 
hadtheminimumva1ueat95"Coff(Al).1hiswascaused 
by the increase in the carrier concentration. Above 95oC 
of T(Al), the electrical resistivity increased contrarily 
\VithincreaseinT(Al). Thiswascausedbythedccrcase 
inthcmobility. 
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