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Structure-function relationship between preferred orientation of crystallites
and electrical resistivity in thin polycrystalline ZnO:Al films
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Thin polycrystalline films are often observed to develop a preferred orientation or texture that may have
significant effects on film properties, especially in the case of anisotropic crystal structures. We report on a
x-ray diffraction study of texture evolution in hexagonal ZnO:Al films, which were performed with a highly
sensitive large-area detector enabling the investigation of films with thicknesses of some 10 nm only. In a set
of magnetron-sputtered ZnO:Al films with thicknesses between 20 and 500 nm the resistivity was found to
decrease with increasing thickness. A comprehensive texture analysis was performed within the framework of
the series expansion method of the orientation distribution function~ODF!. The investigations reveal a clear
correlation between preferred grain orientation and electrical properties in ZnO:Al films. A general model is
presented which relates the electronic mobility in polycrystalline films with the ODF by assuming the mobility
to be composed of an intra-grain and an inter-grain fraction. It turns out that intra-grain anisotropy in ZnO:Al
films cannot account for the observed variations in resistivity. Regarding the charge carrier scattering at grain
boundaries the model relates the resistivity to the degree of grain alignment and makes use of the texture index
J. On the basis of these assumptions it is shown that the resistivity scales with 1/J. The model also predicts
the attainable minimum resistivity of thin ZnO:Al films with perfectly aligned crystallites which is in accor-
dance with previously published results.

DOI: 10.1103/PhysRevB.68.205414 PACS number~s!: 68.55.Jk, 61.10.Nz, 73.50.2h, 73.61.Ga
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INTRODUCTION

The properties of polycrystalline materials are stron
determined by structural and morphological parameters
the grain population.1 Therefore, an interpretation of prope
ties of thin polycrystalline films often faces the problem
averaging over a large number of crystallites, the orienta
distribution function~ODF! of which might significantly af-
fect film properties. The effect of averaging becomes es
cially important if the coating material exhibits an anis
tropic crystal structure or in the case of electronic proper
of thin films, for which applications very often require a hig
in- plane mobility of electronic charge carriers. Thin pol
crystalline zinc oxide films represent a material system
which both effects may be relevant. Such films are of te
nical importance for surface acoustic devices, sensors, c
lysts and—by doping with aluminum—as transparent c
ductive oxides in solar cells, thin film transistors for fl
panel displays.2 Thin ZnO and ZnO:Al films generally ex
hibit the hexagonal wurtzite structure, space groupP63mc,
with unit cell lengthsa5325.0 pm andc/a51.602; see Ref.
3 for a review on the physical properties of ZnO and oth
II-VI compounds. It was often reported in the literature th
thin films show a preferred orientation of grains having t
crystallographicc axis oriented parallel to the substrate no
mal. This phenomenon was found to occur for a large var
of different deposition conditions like dc and rf magnetr
sputtering,4–9 pulsed laser deposition,10 and metal-organic
chemical vapor deposition.11,12 Since the preferred orienta
tion of crystallites seemed to be correlated with an incre
of electrical conductivity of ZnO:Al films, this structura
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property appeared as one of the key parameters for
preparation of highly transparent layers with optimiz
conductivity.

The goal of this work was to investigate the relationsh
between texture and resistivity for a series of dc magnet
sputtered ZnO:Al samples. Many previous works on this
sue focused on the size of ZnO grains in the film as
structural quantity which strongly influences the electro
properties. Here, a new approach will be introduced by c
sidering the preferred orientation of crystalline grains. W
think that both structural quantities—size and texture—
determining the electronic mobility. In the present work t
focus is on the influence of texture. In the recent years x-
diffraction techniques for the determination of textures we
introduced into the field of thin film analysis that, so fa
have been applied for the investigation of bulk sampl
mostly consisting of one-elemental metals or alloys.1,13 A
widely used method for the investigation of thin film textu
is the determination of a so-called texture factor which d
rives from the ratio of peak intensities that are related to
expected values as determined for randomly oriented crys
lites in a powder.14–16However, a complete texture determ
nation of compound thin films has been performed in onl
few cases, because of difficulties in the measurement of
scattering intensities. These experimental restrictions w
meanwhile overcome by the introduction of large-area de
tors for laboratory x-ray sources. In this work we evalua
the applicability and efficiency of these techniques for t
investigation of thin solid films with the aim to derive th
relationship between structure and functional properties fo
transparent conductive oxide.
©2003 The American Physical Society14-1
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TABLE I. Cl
m coefficients of ODF expansion for all investigated samples. Columns are ordered according to the nominal thicknd of

ZnO:Al layers as given in the head line. The last lines list the texture indexJ and resistivityr.

d/nm 25 40 70 100 150 200 300 500

( l , m!

~2,1! 0.552 0.617 0.555 0.861 1.584 1.511 1.362 2.143
~4,1! 20.066 20.002 20.115 0.319 1.123 1.491 1.384 2.290
~6,1! 0.071 0.067 0.331 0.140 0.310 0.990 0.931 1.157
~6,2! 20.103 20.106 0.153 20.065 0.340 0.294 0.153 0.442
~8,1! 0.569 0.558 0.469 0.573 0.555 0.970 0.193 0.766
~8,2! 0.225 0.148 0.136 0.195 0.327 0.365 20.250 0.471
~10,1! 20.121 20.129 20.254 20.142 20.045 0.207 0.309 0.029
~10,2! 20.285 20.429 20.574 20.391 20.383 20.063 0.310 20.173
~12,1! 0.074 0.069 0.328 0.088 0.163 0.335 0.084 0.301
~12,2! 20.428 20.117 20.537 20.335 0.262 20.618 20.303 0.038
~12,3! 20.043 0.160 20.122 20.011 0.301 20.279 20.449 20.006
~14,1! 20.199 20.214 20.352 20.265 20.243 20.078 0.262 0.112
~14,2! 20.703 21.030 20.761 20.762 20.629 20.588 0.388 20.484
~14,3! 20.001 20.051 0.022 0.063 0.093 0.063 20.174 20.097

J 1.12 1.17 1.18 1.17 1.41 1.61 1.44 2.00
r/1023 V cm 14 12 10 6.7 6.6 5.1 4.1 3.7
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EXPERIMENT

A series of ZnO:Al samples was prepared by reactive
magnetron sputtering from a metallic Zn-Al~2 wt %! alloy
target of 99.99% purity and 90 mm diameter. The pla
sputtering source was placed parallel to the substrate ho
in sputter-up configuration with a target-to-substrate dista
of 55 mm. All depositions were carried out on stationa
substrates, which were neither intentionally heated nor
ased. High purity 6N argon and oxygen were used as pro
gases. Inside the deposition chamber the gas flow was
rected to the discharge zone by a ring tube with small
fices. Setting a constant oxygen flow rate the total press
was held constant at 0.6 Pa by adjusting the Ar flow rate.
high pumping speed of the unthrottled system preserved
gaseous contaminants during the deposition process and
vented reactive gas pressure instabilities. After evacuatin
a pressure of less than 1025 Pa the target was presputt
cleaned until the cathode voltage equilibrium value of
poisoned, i.e., the oxide-covered target, was obtained.
target was sputtered in the constant-power mode with 100
These deposition conditions were identified in previous st
ies to yield highly transparent ZnO:Al films with the lowe
resistivities17 compared to samples which were prepared
der variations of the argon content or oxygen flow.6

Thin ZnO:Al films were deposited on Si wafers coat
with about 400-nm standard thermal SiO2 for electrical insu-
lation. Four point probe measurements were performed
room temperature to determine the sheet resistance. A n
nal thickness of films was calculated from the deposit
time and deposition rate, which was found in a preced
experiment to amount to 1.1 nm/s under the process co
tions given above. The resistivities of all samples are co
piled in Table I. Further details of sample preparation a
characterization of their composition, structure, optical a
other properties can be found in Ref. 18.
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ZnO:Al films deposited at room-temperature conditio
by PVD processes were found in many investigations to
hibit the morphological properties of structure zoneT as in-
troduced by Thornton into the structure zone mod
~SZM!.19–21 The homologous temperatureTs /Tm , which is
the ratio of substrate temperatureTs and melting temperature
Tm , is about 0.2 in our experiments at 300 K.Ts /Tm is
accordingly at the lower end of values for which zoneT is
generally observed, i.e., 0.2,Ts /Tm,0.4. It has to be taken
into account that the effective deposition temperature mi
be enhanced due to the interaction of the growing film w
the plasma. Also in our previous investigations22 the typical
growth morphology of zoneT could be identified to occur in
the films as investigated in this work. ZoneT is associated
with an evolutionary development of texture with increasi
thickness, where—in the cases of ZnO and ZnO:Al—~00.1!-
oriented grains grow on the expense of other orientatio
Due to the thickness dependence of the texture evolu
process we applied a texture engineering in terms of
SZM by simply varying the deposition time and leaving a
other deposition parameters unchanged. Eight samples
prepared exhibiting a nominal thicknesses of 25, 40, 70, 1
150, 200, 300, and 500 nm. By virtue of this method we ha
prepared a set of samples with different texture.

Measurements of preferred orientation were perform
with a Bruker AXS General Area Detector Diffraction Sy
tem ~GADDS! equipped with a HI-STAR detector. The sca
tered x-ray photons were measured by virtue of a tw
dimensional multiwire proportional counter with subseque
position decoding circuits leading to a 104-fold increased
sensitivity in comparison to a conventional scintillatio
counter.23 A significant advantage of this detector system
thin film work is the parallel acquisition of many scatterin
events on a large circular area with a diameter of 115 m
The usage of such a high-sensitivity detector system
4-2
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FIG. 1. ~Color! Two-
dimensional diffraction pattern o
the thickest 500-nm ZnO:Al
sample as measured with th
HISTAR detector for tilting angles
of ~a! 0°, ~b! 45° and~c! 80°. The
arrow in ~a! gives the path of a
conventional u-2u scan pointing
towards increasing scatterin
angles 2u.
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necessary in order to obtain reliable signal-to-noise ratio
Bragg reflections even for the thinnest samples within
acceptable amount of time.

A long fine focus Co tube was used as x-ray source (CK
ā5179.03 pm) and operated in the spot focus mode with
kV and 30 mA. The elimination of theKb line was per-
formed by virtue of a graphite monochromator position
between the x-ray tube and sample. The x-ray beam
upon the sample was confined by a pinhole collimator t
diameter of 1 mm. The distance between the illumina
mid-point of the sample and detector was set to 150 mm.
height alignment of the sample on the goniometer head
performed with a laser-video microscope. A1

4 circle Eulerian
cradle was applied for tilting the substrate normal out of
diffraction plane, while the position of the x-ray tube and t
detector were kept constant. Because of the parallel acq
tion of diffracted beam intensities by the two-dimension
HI-STAR detector, three diffraction patterns measured at
angles of 0°, 45°, and 80° were sufficient for the determ
nation of the x-ray pole figures. It was thereby implicit
assumed that the preferred orientation of ZnO crystall
would be of rotational symmetry with respect to the substr
normal, which is called a fiber texture. The development
fiber textures is typically observed in thin films and m
easily be understood from the fact that the substrate nor
is the single extraordinary direction. The 200 nm thi
sample was explicitly investigated with respect to a ro
tional texture symmetry by measuring various diffracti
patterns under the same tilt angle. However, no statistic
significant variations of the diffraction patterns could
identified for different angles of rotation within the samp
plane. It was therefrom concluded that the assumption
rotational symmetry was indeed fulfilled.

Figure 1 displays the set of two-dimensional diffracti
patterns as obtained for the thickest sample of a nom
20541
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thickness of 500 nm for three different tilt angles. Thr
Debye rings of ZnO Bragg reflections can clearly be iden
fied, the intensities of which depend on orientation. The
lines account—from right to left—for the~10.0!, ~00.2!, and
~10.1! reflections which appear in the case of CoKa radia-
tion at scattering angles 2u of 37.1°, 40.2°, and 42.4°. The
usual, symmetrical 2u scan in Bragg-Brentano geometr
would correspond to a passage of a zero-dimensional de
tor along the center line given in Fig. 2~a!. A weak reflection
can be identified in the first pattern, accounting for the
forbidden, but for single-crystalline Si substrates genera
observed—Si reflection of order~200!. The preferred orien-
tation of ZnO crystallites with thec axis aligned along the
substrate normal may already be recognized from these
data patterns: while the~00.2! reflection atc50° appears to
be the strongest and sharpest of all observed reflection
disappears for a tilt angle of 45° in the middle of the patte
and vanishes completely at 80°. On the other hand, in F
1~c! the ~10.0! and ~10.1! rings have significantly gained
intensities, which will partially stem from crystallites havin
their ~00.2! direction close to the fiber axis~/!
„@(00.2),(10.0)#590° and~/! @(00.2),(10.1)#558°… from
where they simple scatter in another diffraction ord
(hk.,). The decrease of intensity of the~00.2! ring towards
the edges of diffraction pattern is not solely due to the p
ferred orientation effect, but also caused by defocusi
which the scattered radiation suffers with increasing
anglec.

Even for the thinnest sample of only 25 nm thickness
diffraction pattern was obtained after an integration time
only 600 s. For the tilt angle of 0° the~00.2! reflection was
clearly recognized, indicating that at least a part of the
posited ZnO:Al has crystallized in the hexagonal wurtz
structure. It can be concluded from this observation that
possible amorphous boundary layer adjacent to
FIG. 2. ~Color! Pole figures of
the ~a! thickest ~500 nm! and ~b!
thinnest~25 nm! ZnO:Al samples,
without absorption corrections.
4-3
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substrate—as it occurs for instance during the growth of s
con films by chemical vapor deposition24—would have a
thickness of significantly less than 25 nm.

It has to be emphasized that the detection of such l
intensity reflections would have been impossible without
superior sensitivity of the GADDS/HI-STAR system. In
conventional diffractometer system the Bragg reflection
tensity is only collected in the scattering plane, which
defined by the position of the x-ray intensity centroids on
anode focus, the sample and the detector slit. In contras
usage of a two-dimensional detector, diffracted intensity
also measured at positions above and below the scatte
plane. This measurement technique, however, does not
on extending the primary beam path within the sample v
ume as it is used in grazing incidence techniques. Here, a
the usual symmetricu-2u diffractometer configuration, a
large part of the primary intensity penetrates through the fi
into the substrate and is lost for delivering structural inf
mation about the thin film. Also with respect to these co
siderations, the total integration time for obtaining one d
fraction pattern appears remarkably short.

METHOD OF ANALYSIS

Pole figures of~10.0!, ~00.2!, and~10.1! reflections were
derived simultaneously from the two-dimensional diffracti
pattern as measured under tilt angles of 0°, 45° and 80°
each sample. Pole figures as measured in reflection geom
are always incomplete, since intensities close to tilt anglc
590° remain unmeasurable. Because of the hexagonal c
tal symmetry of ZnO, the measurement of three nonharmo
reflections with an area detector under three tilt ang
yielded sufficient information for the complete solution
the texture problem. Figure 2 displays the uncorrected p
figures of ~00.2! reflections for the thickest and thinne
ZnO:Al films. The defocussing effects, which can be seen
Fig. 1 to increase with increasing tilt angle, were autom
cally corrected during the computer-based analysis of
data.25 A further correction was necessary because of
finite sample thickness, since the integrated intensity o
thin-film Bragg reflection is damped by the sample thickn
factorA,26 which reads, for a reflection at 2u and tilt anglec,

A512exp~22md/sinu cosc!. ~1!

Herem denotes the absorption coefficient of ZnO, which f
CoKa radiation amounts tom5417.2 cm21 as calculated
from mZn587.1, mO518 cm2/g27 and an x-ray density o
rZnO55.675 g/cm3 ~Ref. 3! ~the usage of symbolm in this
context should not be confused with the mobility of elect
charge carriers as discussed in subsequent sections o
work!. As-measured intensities were also corrected with
spect to the finite sample thickness.

The solution of the texture problem can be represented
the orientation distribution function ODF, which describ
the distribution of crystallites’ orientations in the orientatio
space. In the case of a rotational symmetric texture the
entation of crystallites can be specified by only two of ge
erally three Euler angles~F,b! that account for the inclina
tion and rotation of the crystallite coordinate systemKB with
20541
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respect to the sample coordinate systemKA . We choose the
surface normal as thez axis of KA , while thex andy axes
may be arbitrarily defined in the film plane. Regarding t
crystallite coordinate systemKB , the ~00.1! direction was
selected asz the axis, whilex andy were chosen to lie along
the a andb edges of the hexagonal unit cell. This setting
the most appropriate for the texture geometry of the inve
gated samples. The ODF for fiber texturesR(F,b) is de-
scribed by a linear combination of normalized spherical s
face harmonicskl

m weighted by coefficientsCl
m

R~F,b!5 (
l 50~2!

l max

(
m51

M ( l )

Cl
mkl

m~F,b!. ~2!

The summation is restricted to evenl values only. For the
analysis presented in this work the sum was limited tol max
514, which in many previous texture investigations turn
out to be associated with negligible truncation errors. T
possible number of coefficients is moreover reduced by g
metrical constraints due to the crystal symmetry. In the c
of a wurtzite structure ZnO, the hexagonal symmetry led
M ( l )51, 2, and 3 forl 52, 4, or 6, 8, 10 and 12, 14, respe
tively. The basis functionskl

m are defined through

kl
m5

1

A2p
H P̄l~cosF!, m51

& cos~6mb!P̄l
6m~cosF! m.1,

~3!

which can be derived by applying the symmetry elements
the hexagonal symmetry groups to the general ODF b
functions.1,28 P̄l and P̄l

m account for normalized Legendr
functions and associated Legendre functions, respectiv
The solution of the texture problem consisted of the eval
tion of all coefficientsCl

m from the measured pole figures
for which purpose the least square method for incomp
pole figures as given in the literature was applied.1 Finally, it
is realized that 14Cl

m values have to be determined and th
number decomposes into two times seven coefficients,
which eitherm51 or mÞ1 holds. The sum of all squares o
Cl

m coefficients,

J5
1

4p (
l ,m

@Cl
m#2, ~4!

is called texture index. In case of a random orientation d
tribution one hasJ51 and allCl

m vanish, except for the firs
one which is set toC0

15A4p in order to realize a normal
ization. The texture index increases with increasing prefer
orientation and represents a measure of the texture’s sh
ness.C coefficients and texture indexJ were computed from
the three measured pole figures by virtue of the TexE
program.25

In x-ray diffraction ~XRD! the integrated intensity o
Bragg reflexes scales with the volume density of those c
tallite grains which actually scatter into the detector. T
XRD-determined ODF therefore accounts for the volum
share of the sample, which can be assigned to the approp
infinitesimal element in orientation space, i.e., within the fo
malism used here the ODF is defined by
4-4
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STRUCTURE-FUNCTION RELATIONSHIP BETWEEN . . . PHYSICAL REVIEW B68, 205414 ~2003!
dV~F,b!

V
5R~F,b!sinFdbdF. ~5!

By integrating the ODF in Euler space one therefore obta
a volume average of orientations.

RESULTS AND DISCUSSION

In Table I all 14Cl
m coefficients are listed for each of th

investigated samples. The table also gives the texture indJ
as calculated fromCl

m coefficients.J can be seen to increas
from 1.12 to 2.00 with increasing film thickness. Even f
the thinnest sample of only 25 nm thickness the texture in
is larger than 1, i.e., a preferred orientation ofc-axis-oriented
crystallites has already started to overgrow any random
entation. Moreover, it can be concluded that the inten
texture variation by varying the deposition time has inde
successfully been performed.

This result clearly indicates that the increase of the fi
thicknessd and the decrease of the film resistivityr are
correlated with an enhancement of~00.1! preferred oriented
grains. The increase of the texture is a competitive proc
since the growth ofc-axis-oriented grains occurs at the e
pense of other crystallographic directions. A small value
the resistivityr of Al-doped ZnO thin films is often indicated
as a quality parameter for the deposition process. It is evid
from the presented results, however, that such a parame
of little significance if the film thickness is not specified, to
The literature on thin ZnO:Al films gives numerous hints th
many other groups have been preparing films with a co
petitive ~00.1! texture, which will have also been associat
with a decrease of resistivity.

The mobility of electronic charge carriers in ZnO:Al o
optimized conductivity at room temperature is determined
their scattering at ionized impurities and phonons, wh
other factors may be neglected in the high doping regime
review of the material’s electronic resistivity including a
estimation of the physical limit of minimum resistivity ha
recently been given by Ellmer.29 In the following the rela-
tionship between electrical conductivity and the structure
ZnO:Al films will be discussed in some more detail. As h
already been mentioned, the consideration of the influenc
grain size will be neglected. It has to emphasized that
thorough investigation of grain sizes and its influence on fi
conductivity should include the measurement of in-pla
grain sizes, which lies beyond the scope of this work.

The following part of the discussion should be conside
as an example for an investigation of a special case of
entational averaging for which the set ofCl

m coefficients will
be tested in order to achieve a quantitative understandin
the electronic properties of polycrystalline ZnO:Al films. F
this purpose, it will be assumed, firstly, that the anisotropy
charge carrier mobility within single grains may affect t
conductivity and, secondly, that the electronic transport
tween two grains across grain boundaries may exhibit a
nounced dependence on orientation. The latter effect
been studied extensively in the case of silicon, where la
angle grain boundaries were found to significantly dete
rate the electrical properties of polycrystalline thin films. T
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basic approach therefore was to split the conductivity into
intra-grain fractions intra and an inter-grain fractions inter,
the sum of which yields the measured quantity. Both mec
nisms are visualized in Fig. 3.

Regarding the anisotropic transport within single grains
is well known for ZnO that a piezoelectric scattering is acti
in addition to the usual scattering components due
phonons and ionized impurities. However, the piezoelec
scattering mechanism acts only in the direction of the h
agonalc axis, thereby causing a reduction of the carrier m
bility by a factor of about 2 compared to the value in theab
plane.30 An anisotropic component of the mobility will occu
in Al-doped material, too, since the Al doping does not al
the anisotropic structure of the crystallographic unit cell.
considering this approach we are aware of the fact that
cording to recent publications17,29 the electronic mobility in
ZnO:Al in the high doping regime is mainly influenced b
ionized impurity scattering,m'm ii . Due to the reciprocal
addition of mobilites via Matthiesen’s rule,m ii will probably
dominate over all other factors that may affect the total m
bility. The following considerations should therefore b
taken as a model study for investigating the relation betw
preferred orientation and electronic conduction in anisotro
polycrystals.

One may imagine that because of the large number
grains that have to be traversed by the charge carriers in
plane of the film, the resistivity increases with an increase
the preferred orientation along the fiber axis, since the e
tronic transport then occurs mostly within the basalab plane
of the hexagonal unit cell. This would be associated with
reduced total scattering of charge carriers leading to
hanced conductivity; see Fig. 3. This fraction is related to
intragrain effect of mobility and can be represented by
ansatz

m intra5mab cos2 F1mc sin2 F ~6!

where F is the angle between thec axis of an individual
crystallite and the substrate normal. The average intrag
mobility mav,intra can quantitatively be evaluated on the ba
of the ODF by integrating over all different orientations a
weighting with the appropriate mobility. Since the XRD

FIG. 3. Modeling of the two mechanisms that might determ
the electrical resistivity in polycrystalline thin films via~a! intra-
grain and~b! intergrain mobility effects.n gives the direction of the
substrate normal, perpendicular to which the electrical fieldE is
applied. The electronic mobility in hexagonal crystals splits in
two contributionsmab andmc . The average valuemeff depends on
the relative orientation betweenc axis and substrate normal.
4-5
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determined ODF measures volume fractions@see Eq.~5!#,
the intragrain averaged mobility turns out to be proportio
to

mabE ~cos2 F1r sin2 F!R~F,b!sinFdbdF, ~7!

with r giving the ratio ofmc and mab . The integral was
solved for each sample on the basis of the ODF given in
~2!. It was thereby assumed that the intragrain mobility is
affected by the rotation angleb. Interestingly, it was found
that neither the parallel-ab nor parallel-c mobility was sig-
nificantly affected by the variation of the ODF of ZnO:A
grains—which holds for reliable values ofr , especially for
r 5 1

2 . For this special casemav,intravaried only by about 12%
when calculated with the eight sets ofCl

m coefficients given
in Table I. We therefore conclude that the intragrain anis
ropy of charge carrier transport cannot account for the
served increase in conductivity by about 380% with incre
ing texture. This result would not only hold for piezoelectr
scattering, but is valid irrespectively of what physical mech
nism might cause the anisotropy of intra-grain mobility.

Second, the increased density of~00.1!-oriented crystal-
lites in a thin ZnO:Al layer is associated with a reduction
large-angle grain boundaries. Instead, the density of sm
angle grain boundaries increases, which are known to
associated with a smaller density of electronic defects an
active scattering centers for charge carriers. In the fra
work of this argument it is therefore assumed that the tra
port of charge carriers is the less affected by grain bound
scattering the smaller the orientation distance between
two grains becomes. Accordingly, for two grains with orie
tations~F,b! and (F1DF,b1Db), the intergrain mobility
will decrease with an increasing orientation differen
~DF,Db!. For a complete quantitative formulation of th
approach one would rely on a precise knowledge of the
tergrain mobility versus~DF,Db!. Although, some specia
cases of intergrain mobility in ZnO have already been inv
tigated, for Sb-doped ZnO for varistor applications~see for
instance, Ref. 31!, the data set is still far from being com
plete. One therefore has to use a practical approximation
a quantitative formulation of the intergrain mobility. For th
purpose it is realized that the electronic transport would
main ideally unaffected between two perfectly aligned cr
tallites havingDF5Db50. The probability for the volume
density of such configurations isR(F,b)2, while the aver-
aging over the total grain population affords the integrat
over all such configurations. We therefore consider the
pression

E @R~F,b!#2 sinFdbdF5J ~8!

as a measure for the degree of grain alignment within
polycrystal. It is shown by texture theory1 that this integral
equals the texture indexJ as given in Eq.~4! because of the
orthonormality of thekl

m basis function; see Eq.~3!. The
texture indexJ is 1 for a random grain orientation and d
verges to infinity for a single crystallite. Considering the 1J
axis these two extremes are found at 1 and 0. It is evid
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from these two extreme cases that the conductivitys would
scale withJ, while the resistivityr would scale with 1/J.

In Fig. 4 the dependence of log~r/Vcm! versus 1/J is
shown. This mathematical form of the interdependence
tweenr andJ was chosen in order to account for the effe
of a very large number of grain boundaries that have to
crossed by charge carriers. The direction of increasing fi
thickness is indicated in the figure to decrease along the c
sen abscissa. A linear regression of the data with the mo
formula r5A exp(B/J) was performed withA and B as fit
parameters and the solution is given as a straight line in
plot. The observed deviations of the experimental data fr
the model formula are probably due to irreproducible fact
of the deposition process like Al-doping efficiency, introdu
tion of residual gas contaminants, etc.. By the considerati
given above the extrapolation ofr5A exp(B/J) to 1/J50
would yield the lowest achievable resistivity of thin ZnO:A
films. In this case all crystalline grains would be perfec
aligned and thereby enabling an almost undisturbed in
grain mobility. The fit predicts a value ofr56.9
31024 V cm for 1/J50 (⇔J5`), which corresponds, in
fact, to a large body of experimental results on ZnO:Al film
where such low-resistivity material has been achieved.
cording to our model, this could be understood by the h
density of~00.1!-oriented grains exhibiting a high degree
parallel alignment and thereby causing an increase of
intergrain mobility. It is evident that the simplified quantita
tive expression~8! deserves further improvement and expe
mental input of actual data of inter-grain mobilities. How
ever, the presented formalism of the determination of O
coefficients would principally allow for calculating the co
rect average of electronic mobilities.

We have also indicated in the figure the resistivity of
31024 V cm that has been obtained for highly~00.1!-
oriented ZnO:Al films by Jiang, Jia, and Szyszka.8 A surface
energy driven self-texture mechanism according to the w
of Fujimuraet al.32 was proposed by the authors to cause
high degree of preferred orientation which has been dem

FIG. 4. Plot of log~r/Vcm! versus reciprocal texture index 1/J
for all investigated ZnO:Al samples. Gray dots account for thin fi
investigated in this work. The black hexagon should indicate
samples due to Ref. 8, where a self-texture growth mechanism
obtained, which is assumed here to have a 1/J close to 0.
4-6
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strated by TEM investigations. The texture index of this m
terial has therefore been assumed to compare to that of
fectly aligned crystallites, equivalent to 1/J50. It can be
seen from the figure that the obtained resistivity is sma
than the lowest value in the model formula. Regarding
estimated standard deviations in the fit parameters, howe
the value of 431024 will still fall into the predicted range of
the model formula.

It should be mentioned that on the basis of currently av
able data other structural properties than the texture may
fluence the conductivity in thin ZnO:Al films. According t
the phenomenology of zone T in the structure zone model
average grain size is also increasing with increasing fi
thickness. In a recent work a series of ZnO:Al films of var
ing oxygen content was prepared in the same depos
chamber and investigated with respect to electronic and
tical properties.17 Two different sets of carrier mobilities
were derived, one from dc Hall effect measurements
another one from free-carrier absorption of infrared rad
tion. Both sets of data were of comparable magnitude
though they were probing the mobility on very differe
length scales. It was concluded from this result that the m
bility in polycrystalline ZnO:Al films is mainly limited by
intragrain scattering processes, while grain boundary sca
ing is less effective. If this result would also hold for th
samples investigated in this work, the increase of text
would mainly account for an increase of grain size. A th
ough investigation would need a determination of the
plane grain size, which may differ significantly from th
usual out-of-plane grain size that is determined in the ma
ity of investigations utilizing x-ray diffraction. This investi
gation remains to be performed and will be presented i
forthcoming paper.

Finally, a remark should be made on the methodology
texture analysis in thin films. We have demonstrated in t
work that even the texture measurement of very thin lay
with a thickness in the nm range may be performed by vir
of a large-area detector in laboratory-based diffractom
systems. Such investigations would have previously b
possible only by TEM techniques,33 which suffer from a low
counting statistics of single grain orientations and long in
gration times. We have shown how the determination
ODF coefficients might be used for the quantitative eval
tion of average polycrystal properties for the special case
electronic transport in Al-doped ZnO. The significance a
limitations of electronic transport by grain boundary scatt
ing have been realized in many other oxide compounds to
of crucial importance. For instance, in ferroelectric SrTiO3
and BaTiO3 the microstructure of the grain boundary regio
are associated with special interface states that cause el
20541
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cally active barriers for the charge transport.34 It is evident
that the precise knowledge of the ODF is a prerequisite fo
quantitative modeling of electronic transport in polycryst
line thin films. We expect that the systematic application
texture evaluation will supply the relevant material para
eter by which these phenomena may be understood,
which will enable a tailoring of their properties.

CONCLUSION

This work has shown that ac-axis-oriented fiber texture is
evolving in thin ZnO:Al films with increasing thickness
Samples of varying degrees of preferred orientation w
prepared by applying the structure zone model by sim
varying the deposition time. A complete solution of the te
ture problem for each sample was performed by simu
neously measuring three nonharmonic Bragg reflections w
a fast large-area detector. From these raw data three inc
plete pole figures were derived and analyzed in order to
tain the ODF coefficients. As expected in thin film work, th
absorption correction turned out to be essential, i.e., m
sured intensities have to be corrected for a finite sam
thickness. The fiber texture was even identified in the th
nest sample investigated, having a thickness of only 25

This investigation has shown as an example of how
complete determination of the fiber texture ODF may
used to derive conclusions on orientation-dependent e
tronic transport. Formulas have been presented which a
for the determination of the electronic mobility, which ma
either be dominated by~i! intragrain or~ii ! intergrain anisot-
ropy. The expressions are valid for any anisotropic mate
than only for zinc oxide. In the considered case of high
doped ZnO it turned out that any intragrain anisotropy can
excluded to account for the increase of electrical conduc
ity with increasing film thickness. Rather the texture indexJ
was found to act as an ODF-derived measure for grain al
ment and could be shown to be closely correlated with
observed resistivity drop.

This model study has demonstrated the significance
preferred orientation of grains may have on the propertie
polycrystalline thin films. The recent introduction of ad
vanced detectors has enabled the determination of texture
only some 10-nm-thin samples with laboratory-based x-
diffractometers, which is a prerequisite for tailoring and im
proving thin film properties.
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