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Al-doped zinc oxide �AZO� films were deposited by means of remote plasma-enhanced
metalorganic chemical vapor deposition from oxygen/diethylzinc/trimethylaluminum mixtures. The
electrical, structural �crystallinity and morphology�, and chemical properties of the deposited films
were investigated using Hall, four point probe, x-ray diffraction �XRD�, scanning electron
microscopy �SEM�, atomic force microscopy �AFM�, electron recoil detection �ERD�, Rutherford
backscattering �RBS�, and time of flight secondary ion mass spectrometry �TOF-SIMS�,
respectively. We found that the working pressure plays an important role in controlling the sheet
resistance Rs and roughness development during film growth. At 1.5 mbar the AZO films are highly
conductive �Rs�6 � /� for a film thickness above 1200 nm� and very rough ��4% of the film
thickness�, however, they are characterized by a large sheet resistance gradient with increasing film
thickness. By decreasing the pressure from 1.5 to 0.38 mbar, the gradient is significantly reduced
and the films become smoother, but the sheet resistance increases �Rs�100 � /� for a film
thickness of 1000 nm�. The sheet resistance gradient and the surface roughness development
correlate with the grain size evolution, as determined from the AFM and SEM analyses, indicating
the transition from pyramid-like at 1.5 mbar to pillar-like growth mode at 0.38 mbar. The change in
plasma chemistry/growth precursors caused by the variation in pressure leads to different
concentration and activation efficiency of Al dopant in the zinc oxide films. On the basis of the
experimental evidence, a valid route for further improving the conductivity of the AZO film is
found, i.e., increasing the grain size at the initial stage of film growth. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2772569�

I. INTRODUCTION

Zinc oxide �ZnO� has become a material of increasing
interest in the last decade due to its remarkable properties,
such as large exciton binding energy, piezoelectric character,
nontoxicity, and high stability in plasma environment. Both
in their undoped and doped form, ZnO films have many ap-
plications: the semiconductive ZnO can be used in thin film
transistor and surface acoustic wave devices or as an epitax-
ial substrate for GaN.1 Highly conductive n-type doped ZnO,
on which we will focus in this article, is a transparent con-
ductive oxide �TCO� which is studied as a valid alternative
to the widely used tin-doped indium oxide �ITO� and SnO2:F
for flat panel displays and solar cell applications.2–4 The
p-type ZnO fabrication, necessary for ZnO-based optoelec-
tronic devices, has proven to be more difficult obtain due to
the native n-type defects and low dopant solubility.5,6

Several dopants are used to achieve n-type doping in
ZnO, the most common being group III elements, such as B,
Al, Ga, and In �Refs. 7 and 8� or F �Ref. 9� from the group
VII. Among them, Al-doped ZnO �ZnO:Al or AZO� is one of
the most studied and can be obtained by different deposition
techniques. The most reported deposition techniques are
magnetron sputtering,10 pulsed laser deposition �PLD�,11

while thermal chemical vapor deposition �CVD�12,13 and
plasma-enhanced CVD �Ref. 14� are less common. Here we
use a remote plasma enhanced metalorganic CVD �PE-
MOCVD� process to produce AZO films which have dem-
onstrated suitable characteristics for front electrodes in thin
film a-Si solar cell applications, i.e., high transmission
��80%�, low resistivity �7�10−4 � cm�, and native rough-
ness ��4% of the film thickness�.15

As we will show later, our AZO films exhibit a strong
sheet resistance gradient with increasing film thickness, i.e.,
the sheet resistance decreases from 180 � /� at 300 nm to
5.5 � /� at 1.3 �m. As demonstrated in a previous
article,15 this is not detrimental for applications using ZnO as
a substrate and where the films can be thicker than 1 �m,
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such as in a-Si:H solar cells. However, it can be a major
disadvantage when ZnO is used as a top contact and depos-
ited after the solar cell structure has been grown. Moreover,
in solar cell applications at industrial scale, thinner films are
desired because of cost issues. The gradient in sheet resis-
tance might be typical for CVD techniques, being also ob-
served in the case of the B-doped ZnO films deposited by
low-pressure CVD.13 However, there have also been reports
describing its presence, although to a much smaller extent, in
the case of the AZO films deposited by PLD and physical
sputtering.16,17 The presence of a gradient in sheet resistance
may derive either from specific conditions, i.e., related to the
substrate conditioning �e.g., deposition temperature, surface
pretreatment, or external substrate bias�, as well as from the
plasma chemistry �working pressure and gas phase composi-
tion�.

Presently, a large part of the research in the ZnO field is
focused on improving the material properties addressing a
specific application. The CVD literature contains only a lim-
ited amount of reports which describe in detail the evolution
of different film parameters during the ZnO growth, i.e., with
film thickness.18 Understanding how these parameters affect
both the intrinsic properties of the film �amorphous versus
polycrystalline, dopant level, etc.� and the extrinsic proper-
ties, such as grain size and film morphology development,
eventually allow to design a process in which AZO layers
with suitable Rs and roughness for a specific application can
be obtained.

In this work we chose to focus on the overall effect of
the working pressure, which is found to be a key parameter
in controlling the sheet resistance and film morphology of
the Al-doped ZnO films under the deposition conditions pre-
sented in this work. By decreasing the pressure from 1.5 to
0.38 mbar a transition in the growth mode from pyramid-like
to pillar-like, respectively, is observed. At the same time, the
Al concentration is found to be lower in the case of the most
conductive layers �1.5 mbar�, pointing out different forms of
Al incorporation in the two cases, due to a pressure-induced
change in plasma chemistry. Controlling the grain growth
and establishing the relation between the growth mode and
the extrinsic/intrinsic film properties represents the main aim
of this article. Based on this relationship we formulate a
tentative growth model for the AZO films deposited at dif-
ferent pressures, by means of our remote PE-MOCVD tech-
nique.

II. EXPERIMENTAL PROCEDURE

A. Plasma deposition setup

To deposit Al-doped ZnO films we used an expanding
thermal plasma19 generated in an argon-fed high pressure
�360 mbar� cascaded arc. The plasma expands supersonically
into a low pressure �0.3–1.5 mbar� deposition chamber,
where diethylzinc �Zn�C2H5�2, �DEZ��, trimethylaluminium
�Al�CH3�3, �TMA�� and oxygen are injected. Two separated
injection rings, situated at 30 and 6.5 cm from the plasma
source, are used for the injection of the metalorganics and
oxygen, respectively. The liquid precursors, i.e., DEZ and
TMA �Akzo Nobel, SSG grade�, are evaporated at a constant

rate by two controlled evaporating and mixing units from
Bronkhorst HighTech B.V., which are heated up to 80 °C for
DEZ and 100 °C for TMA, both using Ar as carrier gas.
Films were deposited on p-type c-Si�100�, 400 nm
SiO2/c-Si, and Corning glass substrates, which were chosen
in order to make the different measurements possible, i.e.,
composition analysis, conductivity, and transmission, respec-
tively. The typical precursor flows are reported in Table I.
The substrate temperature was 200 °C�±20 °C� during all
depositions. The working pressure was varied in the 0.38–
1.5 mbar range by adjusting the pumping speed of the roots
pump. Information about the stable species in the plasma
was given by a differentially pumped AccuQuad mass spec-
trometer �Kurt Lesker; scanning electron microscopy �SEM�
detector, electron ionization energy 70 eV�, located at the
substrate level.

B. Film analysis

A Phystech RH 2010 Hall effect measurement, a Jandel
universal four point probe, and a Dektek 8 advanced devel-
opment profiler were used to determine the films electrical
properties and thickness, respectively. The morphological
and structural properties of the deposited films were obtained
with an NT-MDT Solver P47 atomic force microscopy
�AFM� setup, a Philips XL 30 SEM and a Philips X-Pert SR
5068 powder diffractometer, equipped with a Cu K� source.
To determine the film composition we used electron recoil
detection �ERD� and Rutherford backscattering �RBS� mea-
surements. The composition depth profile of all the samples
was measured using a time of flight secondary ion mass
spectrometry �TOF-SIMS� setup �IONTOF TOFSIMS IV�
with Bi+ as the analysis source and Cs+ as the sputtered
source, the area analyzed being 70�70 �m2.

III. RESULTS

A. The influence of the working pressure on the
resistivity evolution

In order to perform ex situ analysis at different stages of
growth, films with several thicknesses were deposited under
identical conditions. The “standard” settings used to deposit
this series are reported in Table I and were chosen on the
basis of an optimization procedure performed to obtain the
most conductive films at high pressure. The deposition rate
under these standard conditions was found to decrease from
1.1 nm/s at 1.5 mbar to 0.7 nm/s at 0.38 mbar and is com-

TABLE I. The typical experimental conditions used for the Al-doped ZnO
film deposition.

Deposition parameter Standard Optimized

Arc current �A� 50 50
Ar flow �sccm� 1000 840
O2 flow �sccm� 100 75
DEZ flow �g/h� 3.5 3.5
TMA flow �g/h� 0.28 0.28
Pressure �mbar� 0.38–1.5 0.38
Substrate temperature �°C� 200 200
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parable to the rates obtained in other sputtering and CVD
processes.17,20 Figure 1 shows the effective resistivity �eff�d�,
defined as

�eff�d� = Rsd , �1�

as a function of film thickness for three different working
pressures of 1.5, 0.85, and 0.38 mbar. In Eq. �1� Rs is deter-
mined from four point probe measurements and the thickness
is obtained using a step profiler. In addition, it can be ob-
served that, by decreasing the working pressure from 1.5 to
0.38 mbar, the gradient in the effective resistivity is gradu-
ally reduced, until it almost disappears at the lowest pressure
setting. The strong gradient in the first 100 nm is attributed to
nucleation processes and occurs independently of the growth
mode. Another remarkable feature of Fig. 1 is that there is a
crossover, i.e., thick films �region II in Fig. 1� deposited at
0.38 mbar exhibit a much higher effective resistivity, 7.6
�10−3 � cm, compared to 5�10−3 � cm for films depos-
ited at 0.85 mbar and �7�10−4 � cm at 1.5 mbar, whereas
in the thin film region �region I in Fig. 1� an opposite trend
can be observed. The causes for these two types of behaviors
will be analyzed in the remainder of the article, where, for
simplicity, we will only address the two extreme deposition
conditions: 1.5 mbar, defined as “high” and 0.38 mbar, de-
fined as “low” pressure.

B. Hall measurements

The dominant carriers in the ZnO:Al films, their concen-
tration, and their mobility have been determined at room
temperature from Hall measurements. For all films the n-type
conductivity has been confirmed. As it can be observed in
Fig. 2�a�, the electron concentration, with a value of about
1.5�1020 cm−3, is roughly constant during the film growth
for both pressures, with slightly lower values for the films
deposited at 0.38 mbar. The mobility trend, determined by
combining these results with the effective resistivity in Fig.
1, reveals a strong evolution, i.e., from �1 to 20 cm2/V s at
high pressure, compared to a smaller range, from �2.5 to
5 cm2/V s, at low pressure �Fig. 2�b��. The very thin films
��300 nm� could not be measured with the Hall setup be-

cause the samples were too resistive. It is noteworthy that in
solar cell applications a high mobility is preferred over a
high carrier concentration because the latter induces light
absorption in the near infrared region of the solar spectrum
by free electrons, leading to lower cell efficiencies.17 Given
this, it is important to investigate the origin of the gradient in
both sheet resistance and mobility.

C. Compositional measurements

ERD/RBS measurements were performed to determine
the composition of the AZO films deposited at low and high
pressure. The results show stoichiometric films, with a Zn:O
ratio of 1.00±0.01. The Al dopant concentration is
�0.65 at. % at low pressure and �0.2 at. % at high pres-
sure. Impurities such as C and H, if present, have concentra-
tions below the ERD detection limit of 0.2 and 2 at. %,
respectively.

Additional information regarding the depth profiles of
ZnO and Al is given by TOF-SIMS measurements shown in
Fig. 3. Although the results are semiquantitative, it is clear
that, in agreement with the ERD results, the Al content of
films deposited at low pressure is significantly higher than at
high pressure. Both depth profiles of ZnO and Al indicate a

FIG. 1. Pressure influence on the effective resistivity Rsd for the ZnO:Al
films, under standard conditions �see Table I�.

FIG. 2. Carrier concentration �a� and effective mobility �b� of the ZnO:Al
films, as determined with the Hall measurements, for films deposited at 1.5
and 0.38 mbar, under standard conditions �see Table I�. Note: the very thin
films ��300 nm� could not be measured with the Hall setup.
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constant bulk concentration of these elements throughout the
film �Fig. 3�, which is in accordance with the carrier concen-
tration evolution with film thickness in Fig. 2�a�.21

D. Crystallinity and morphology

X-ray diffraction �XRD� measurements were used to de-
termine the film crystallinity and estimate the average grain
size. All ZnO:Al films were found to have c axis, �002� pref-
erential orientation �Fig. 4�a��. From the full width at half
maximum �FWHM� of the �002� peak, which is plotted in
Fig. 4�b�, values for the average grain size along the c axis
from 30 nm �0.38 mbar� to 45 nm �1.5 mbar� have been
calculated using the simplified Scherrer equation.22 The av-
erage grain size in the growth direction was found to be
constant during film growth �Fig. 4�b�� and is comparable
with literature,23 showing good crystallinity of the AZO
films.

The SEM and AFM measurements provided information
on the film morphology and an estimation of the lateral grain
size. The grain size, estimated from the top SEM images
�Fig. 5�a�� and confirmed by AFM �Fig. 6�a��, ranges, for the
thick films, from 50–150 nm at low pressure to 200–300 nm
at high pressure. The values are lower for thin films, the
difference with the thick films being more pronounced at
high pressure �Figs. 5�a� and 6�a��.24 From the cross-
sectional SEM pictures shown in Fig. 5�b�, corroborated by
Fig. 5�a�, two types of growth for the ZnO films can be
observed for the two cases: pillar-like at low pressure and
pyramid-like at high pressure.

E. Film roughness

The root-mean-square �rms� value of the film roughness
was calculated from the AFM images �Fig. 6�a��. The results
show rms values of 4% of the film thickness at 1.5 mbar,
making them suitable for solar cell applications, as already
demonstrated in previous research.14 On the contrary, much
smoother films, with a rms below 1% of the thickness, can
be deposited by decreasing the pressure to 0.38 mbar �Fig.
6�b��. These films, although not very smooth yet, are prom-

ising, since the control of film roughness would allow us to
extend the range of applications, to, e.g., optoelectronics.
Being correlated with the grain size evolution, the rms
roughness shows a strong development during the growth at
1.5 mbar and a very limited one at 0.38 mbar, as it can be
observed in Fig. 6�b�.

IV. DISCUSSION

A. Pressure influence on the ZnO film properties

The effective resistivity, as determined from the four
point probe and step profiler techniques and calculated ac-
cording to Eq. �1�, shows a strong development with film
thickness �Fig. 1�. It is important to notice that the effective
resistivity represents an integrated value over the film thick-
ness, i.e., the top resistivity is influenced by the underlying
more resistive layers. The sheet resistance Rs can, therefore,
be related to the resistivity ��x� at a film thickness x by
means of the following integral expression:

1

Rs�d�
= �

0

d 1

��x�
dx =

d

�eff�d�
. �2�

In order to determine the resistivity ��d� from Eq. �2�, we use
the observed scaling of the effective resisitivity in a double

FIG. 3. SIMS measurements: ZnO and Al depth profiles of ZnO:Al films
deposited at 1.5 and 0.38 mbar, under standard conditions �see Table I�.

FIG. 4. �a� Typical XRD spectrum of a 600 nm ZnO:Al film deposited at 1.5
mbar, under standard conditions �see Table I�; �b� FWHM of the �002� peak,
as determined from Lorentzian fit, for both ZnO:Al films deposited at 0.38
and 1.5 mbar.
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logarithmic plot, as shown in Fig. 10 from the Appendix

log �eff�d� 	 a log d . �3�

The resistivity ��d� at a film thickness d, now a local prop-
erty of the film as grown, using the scaling relation Eq. �3�
equals

��d� =
�ef f�d�
a + 1

. �4�

The derivation of Eq. �4�, as well as the values for parameter
a, are given in the Appendix. The resistivity ��d� determined
in this way is about three times lower than the effective
resistivity, leading to a value of �2.2�10−4 � cm at a
thickness of 1200 nm for the films deposited at 1.5 mbar
�Table II�. Note that Eq. �4� only corrects for the evolution of
the sheet resistance with film thickness. Therefore, the result
obtained indicates that the top part of our ZnO:Al films is

very conductive and, consequently, very suitable for solar
cell applications, when the front electrode �ZnO:Al film� is
the substrate of the cell. At low pressure, similar to sputter-
ing, almost no gradient is observed �Fig. 1� and, for these
films, the resistivity equals the effective resistivity.

The resistivity gradient with thickness may generally be
related to a gradient in carrier concentration and/or in carrier
mobility with thickness. As shown in Fig. 2�a�, in the present
case the electron concentration is constant and, consequently,

FIG. 5. Top SEM �a� and cross-sectional SEM �b� images of thin and thick
ZnO:Al films deposited at 1.5 and 0.38 mbar, under standard conditions �see
Table I�.

FIG. 6. rms roughness evolution with the ZnO:Al film thickness, deposited
under standard conditions �see Table I�, as resulted from AFM
measurements.

TABLE II. The resistivity values ��d� as a function of the film thickness d
of the Al-doped ZnO films deposited at 1.5 mbar, obtained according to the
calculation in the Appendix.

d
�nm�

�eff

�� cm�
�

�� cm�

70 0.34 0.11
160 4.8�10−2 1.5�10−2

306 5.5�10−3 1.7�10−3

620 1.7�10−3 5.3�10−4

940 9.4�10−4 3.0�10−4

1290 7.1�10−4 2.2�10−4
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the resistivity gradient is entirely caused by a gradient in
mobility �Fig. 2�b��. This is also the case, to a much smaller
extend, in the work of Agashe et al.17 In other cases, such as
of Qu et al.,25 both carrier concentration and mobility change
during growth and a distinction cannot be made between the
two parameters.

Therefore, by employing the scaling relation for the mo-
bility trend, we obtain a value related to the top of the film
which is about three times higher than the one measured by
Hall in the high pressure case �cf. Appendix�, i.e.,
64 cm2/V s. This value is higher than the best mobility val-
ues reported in literature for the solar grade Al-doped ZnO
films,17 reflecting the good quality of our Al-doped ZnO for
solar cell applications. The mobility values reported here are
related to the in grain as well as to the intergrain �grain
boundary� contributions. In a future article we will demon-
strate excellent in grain mobility values for the high pressure
films ��100 cm2/V s all through the growth�, as determined
by means of spectroscopic ellipsometry in the near infrared
range.

The intergrain carrier mobility in polycrystalline Al-
doped ZnO films is generally dependent on the grain bound-
ary and ionized impurity scattering of the carriers26 and is,
therefore, related to the grain size and/or the impurities seg-
regated at the grain boundaries. The lateral grain size evolu-
tion shows a significant gradient at high pressure �Fig. 5�a��,
which supports the mobility/resistivity evolution, as already
mentioned in Sec. III D. The cross-sectional SEM pictures
�Fig. 5�b�� show different growth modes at low and high
pressure: pyramid-like at high pressure and pillar-like growth
at low pressure, similar to previous results for undoped ZnO
films.3

Apart from the morphological differences in growth
modes, the pressure also influences the intrinsic properties of
the material, via a change in the plasma chemistry/growth
precursors. The Al concentration of �0.65 at. % at low
pressure and �0.2 at. % at high pressure is opposite to what
is expected if the resistivity values would solely depend on
the dopant concentration. Assuming that the carrier concen-
tration is only determined by the Al active as dopant, i.e.,
which donates one electron to the conduction band, we can
calculate the percentage of the active Al to be about 96% at
high pressure, compared to only 20% at low pressure. To-
gether with the difference in Al concentration reported by
RBS/ERD, this points toward a relation between plasma
chemistry, species contributing to film deposition, and
growth mode. Presumably, this leads to another form of Al
incorporation at low pressure, inactive from electrical point
of view, such as AlOx. Here we speculate that AlOx may
already be formed in the gas phase, due to the high reactivity
of Al resulted from TMA decomposition in the plasma and
under the hypothesis that a more oxidative environment de-
velops at low pressure.

Another indication that the growth mechanism is differ-
ent for the high and low pressure case is given by the behav-
ior of film resistivity, as observed in regions I and II �Fig. 1�,
i.e., for thin films the resistivity is lower at low pressure,
while for thick films the opposite trend is observed. We hy-
pothesize that this is related to a higher nucleation density at

low pressure �related to the growth species formed under
these conditions�, which is also suggested by the SEM mea-
surements �Fig. 5�b�� and supported by the broad Si/AZO
bulk interface found for ZnO and Al masses by TOF-SIMS
measurements �Fig. 3�.

The pressure has a significant influence on the AZO film
growth, however, it cannot be separated from the precursor
chemistry effect, because, in the PE-MOCVD process, a
change in the pressure implies a simultaneous variation in
the plasma chemistry, as we will discuss next.

B. Influence of plasma chemistry on the ZnO film
properties

In order to separate the role of the plasma chemistry
from the pressure, we compared AZO films at 0.38 mbar,
deposited under two different experimental conditions, de-
fined as “standard” and “optimized” �cf. Table I�. Mass spec-
trometry measurements have been performed under these
conditions, where Ar and O2 flow rates were progressively
decreased. Such a decrease is accompanied by a decrease in
consumption of molecular O2 in the plasma, which is defined
by


O2,cons. =
IO2,gas − IO2,plasma

IO2,gas

O2

, �5�

where 
O2
and 
O2,cons. are the flow rates of O2 in the gas

mixture and the consumed O2 in the plasma, respectively,
and IO2,gas and IO2,plasma are the mass spectroscopic signals of
O2 in the absence and presence of a plasma, respectively. In
the expanding thermal plasma, the Ar+ ions and electrons,
produced in the cascaded arc plasma source, are consumed
by O2 injected downstream according to the charge exchange
reaction �6a�, followed by the dissociative recombination re-
action �6b� �Ref. 27�,

Ar+ + O2 → O2+* + Ar*, �6a�

O2
+ + e → O + O*. �6b�

As a result of these reactions and if O is also consumed in
the film formation process, a decrease in both Ar and O2

flows leads to a decrease in the O2 consumption. As it can be
seen from Fig. 7�a�, this is correlated with an improvement
in film conductivity. The oxygen-poor environment promotes
the increase in ZnO film conductivity because in this condi-
tion film substoichiometry �O/Zn�1� is achieved, as also
earlier reported for undoped ZnO films.28

The sheet resistance gradient with film thickness was
again investigated for these optimized conditions; the results,
shown in Fig. 7�b�, indicate that the sheet resistance gradient
is partially recovered, which suggests that the plasma chem-
istry alone can influence the film growth, in particular the
initial growth. The Al concentration decreases from
0.65 at. % in the “standard” conditions to 0.45 at. % in the
“optimized” conditions, which, related to the electron con-
centration according to the explanation in Sec. IV A, leads to
a higher active dopant percentage, of 35%, compared with
20% in standard low pressure settings. The film roughness is
smaller, i.e., 4 nm �optimized� compared with 7 nm �stan-
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dard�, for 600–700 nm thick films. This low rms value sup-
ports the observation that, by changing the plasma chemistry
under constant pressure conditions, it is possible to lower the
sheet resistance without switching to the other growth mode,
i.e., pyramid-like growth.

C. Tentative model for the ZnO film growth

To summarize the obtained results, a tentative growth
model for Al-doped ZnO grown using the ETP PE-MOCVD
technique can be formulated. We should stress that, although
we discuss this for our deposition technology, the tentative
model presented here may be applied to other processes in
which grains develop strongly during growth due to specific
processing conditions or nucleation effects. In this particular
case the initial growth is strongly influenced by the pressure
and the plasma chemistry reflected in a difference in nucle-
ation behavior. The nucleation density is much higher at low
pressure, as indicated in region I of Fig. 1 and supported by
the TOF-SIMS �Fig. 3� and SEM measurements �Fig. 5�,
probably due to a higher surface mobility and, perhaps, to a
more favorable substrate chemistry of the growth precursors
generated under these condition. After an initial incubation
layer of about 150 nm for high pressure and 20 nm for low
pressure films �TOF-SIMS profiles in Fig. 3�, the film growth
develops, pyramid-like �high pressure� and pillar-like �low
pressure�. During the first type of growth the grains compete
with each other, some being suppressed and allowing others
to develop as big pyramids for the thick film. In the second
case, the pillars have room to develop independently result-
ing, therefore, in dense, more ordered and smoother films.
Both types of growth are illustrated in Fig. 8. Due to a strong
lateral grain development prevailing on the grain boundary
scattering, the mobility becomes higher for high pressure
films. In addition, the intrinsic properties are better in this
case, due to a higher active dopant concentration. However,
the sheet resistance for thin films depends strongly on the
porous incubation layer, generally leading to higher values.

In order to improve the initial growth, there are several
directions which can be undertaken, such as a substrate tem-
perature increase, which is expected to promote surface mo-
bility of the growth precursor or enhance nucleation site
density,29 or the use of a ZnO buffer layer as substrate, which
could increase the sticking of the precursor growth species
causing a higher nucleation density. Preliminary experiments
have already shown a factor of three improvements in sheet
resistance for the AZO films deposited on a postannealed,
resistive �undoped� ZnO buffer layer.

FIG. 7. Effective resistivity Rsd dependence on the consumed O2 at 0.38
mbar �a�; effective resistivity Rsd evolution with thickness for ZnO:Al films,
standard and optimized, at 0.38 mbar �b� �see Table I�.

FIG. 8. A cartoon of tentative growth
model for the initial and final growth
of the ZnO:Al films deposited at 0.38
�a� and 1.5 mbar �b�; the lower parts of
the pictures illustrate the initial stages
of growth; the arrows represent the di-
rection of the grain development.
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V. CONCLUSIONS

In this work AZO films were deposited by means of
remote plasma-enhanced metalorganic chemical vapor depo-
sition from oxygen/diethylzinc/trimethylaluminum mixtures.
It has been shown that the working pressure plays an impor-
tant role in the sheet resistance and roughness development
during film growth. At 1.5 mbar the AZO films are charac-
terized by a large sheet resistance gradient with film thick-
ness and high rms values, i.e., �4% of the film thickness. By
decreasing the pressure from 1.5 to 0.38 mbar, this gradient
is significantly reduced and the films become smoother, i.e.,
�1% of the film thickness. The sheet resistance gradient and
the surface roughness development correlate with the grain
size evolution as determined from AFM and SEM analyses,
indicating the transition from pyramid-like at 1.5 mbar to
pillar-like growth mode at 0.38 mbar. A low nucleation den-
sity at high pressure and a dense initial layer at low pressure,
as suggested by TOF-SIMS measurements, are responsible
for the lower initial sheet resistance of the AZO layers de-
posited at low pressure. Chemical analyses, i.e., ERD and
TOF-SIMS, show a lower Al concentration in the case of the
most conductive layers �high pressure�. This indicates differ-
ent forms of Al incorporation in the two cases, due to the
change in plasma chemistry, induced by the change in work-
ing pressure. We have argued that the working pressure and
the precursor species chemistry simultaneously affect the
growth mode, in terms of initial growth �nucleation density�
and grain development. In order to study the role of plasma
chemistry independently, AZO films were deposited at con-
stant pressure �0.38 mbar� and variable argon and oxygen
flows. The recovering of the resistivity gradient within the
same growth mode indicates that the deposition precursor
species influence the initial phase of the AZO film growth.

The control of film growth, i.e., sheet resistance gradient
and surface roughness development is very important from
an application point of view: the AZO films deposited at high
pressure are successfully used as front contacts in a-Si:H3

and can, possibly, be applied in �c-Si solar cells. However,
the sheet resistance gradient with the thickness and the low
nucleation density makes them unsuitable when the AZO
films are deposited on the solar cell as a substrate, since in
this case the initial sheet resistance is very important. A valid
route for further improving the conductivity of the AZO film
is increasing the grain size at the initial stage of film growth
by increasing the substrate temperature or using a ZnO
buffer layer as a substrate.
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APPENDIX: CALCULATION OF REAL RESISTIVITY
FROM THE FOUR POINT PROBE MEASUREMENT

We consider the film as a sequence of layers of infini-
tesimal thickness dx �Fig. 9�. The measured sheet resistance
of the layer with thickness d is given by

1

Rs�d�
= �

0

d 1

��x�
dx =

d

�eff�d�
, �A1�

which defines the effective resistivity �eff.
Rewriting Eq. �A1� in terms of the effective conductance

Geff and conductivity ��x�=1/��x�, we get

Geff�d� = �
0

d

��x�dx =
d

�eff�d�
. �A2�

From Eq. �A1� the � of the layer at thickness d can be
obtained as the derivative of the inverse effective resistivity
�eff�x�,

��x� =
�

�x
� x

�eff�x�	 , �A3�

��x� =
1

�eff�x�
−

x

�eff
2 �x�

��eff�x�
�x

, �A4�

��x� =
1

�eff
2 �x�

��eff�x� − x
��eff�x�

�x
	 , �A5�

leading to

1

��x�
=

1

�eff�x�
+ x

�

�x
� 1

�ef f�x�	 . �A6�

From Fig. 10 we conclude that the effective resistivity at
different pressures scales as

log ��d� 	 a log d , �A7�

where a is a constant determined from the slope in the
double logarithmic plot. The substitution of Eq. �A7� into Eq.
�A6� leads to a general expression for the resistivity

FIG. 9. Schematic representation of an AZO film as sequence of layers of
infinitesimal thickness dx; ��x� and ��d� denote the local resistivity at thick-
ness x and d, respectively.
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��d� =
�eff�d�
a + 1

. �A8�

This means that a can be determined for p=0.85 mbar and
p=1.5 mbar �p=0.38 mbar shows no development�:

�i� 0.85 mbar: a=1.1,
�ii� 1.5 mbar: a=2.2.

Therefore, the resistivity ��d� of the topmost layer
equals:

�i� 0.85 mbar:

��d� =
�eff�d�

2.1
, �A9�

�ii� 1.5 mbar:

��d� =
�eff�d�

3.2
. �A10�

The resistivity depends on the carrier concentration and
mobility

� �
1

nee�
, �A11�

where e, ne, and � represent the electronic charge, the elec-
tron density, and mobility, respectively. Note that ne is re-
lated to the ZnO stoichiometry and the doping level.

The mobility, under the assumption that ne is constant
�Hall measurements�, can be written as

��d� = �a + 1��eff�d� , �A12�

where �eff is the effective mobility �the outcome of the Hall
measurements�.

Therefore, the mobility ��d� of the topmost layer equals:

�i� 0.85 mbar:

��d� = 2.1�eff�d� , �A13�

�ii� 1.5 mbar:

��d� = 3.2�eff�d� . �A14�
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